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Chapter 1
Introduction
Due to the extensive research and a positive development in organic electronics dur-
ing the last 25 years, manufacturers such as Pioneer, Kodak, Siemens as well as Sony
were able to bring products to the market incorporating organic light emitting diode
(OLED) displays. Simply stated, an OLED consists of an organic semiconductor, with
an optical bandgap in the visible to the near infrared range of the electromagnetic
radiation spectrum, sandwiched between a reflective and a transparent electrode. By
injecting both electrons and holes into the organic layer, light emission is achieved. A
second major branch in organic electronics development deals with organic field effect
transistors (OFETs), the scope of interest for the work at hand. In general, research
and commercial interest in organic electronics is motivated by the promise of low-cost
processing on flexible substrates thus making the technology very attractive for price
effective consumer applications. However, the short, one or two year life for current
products, e.g., car radios, digital cameras, cell phones and even television sets, indicate
component reliability issues in the production process or the presence of other life cycle
problems. This implies, that presumably low-cost electronic products are brought to
market, based primarily upon marketing aspects of the new technology. Nevertheless,
the stage is now set for a consequent introduction of organic electronics in the market.
In particular upcoming products, such as radio frequency identification (RFID) tags or
a new e-Reader featuring a rollout display based on an OFET active matrix and others,
will demonstrate, whether we are a step closer to this goal. This dissertation is dedicated
to advances in related organic CMOS technology.
Research on organic solids with respect to photoconductivity can be traced back to
the beginnings of the 20th century, where Pochettino (1906) [1] and Volmer (1913) [2] con-
ducted first experiments on anthracene. By the 1940s, actual semiconducting properties
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Figure 1.1: Development in OFET p-type mobility be-
tween 1984 and 2007. The various p-type materials are
grouped together in families of similar molecular core part.
The shaded bars represent the a-Si:H and Poly-Si mobility
range [3].
of pi-conjugated small molecules
or polymers were demon-
strated [4] and first potential
applications in xerography [5,
6], photovoltaics as well as
the electroluminescence [7, 8]
and the field effect [9] in
organic solids were investi-
gated throughout the follow-
ing three decades. However,
the first organic field effect
transistors were not demon-
strated until the mid 1980s
[10, 11]. These OFETs were
implemented, using organic
dyes such as merocyanine, or
polymer organic semiconduc-
tors such as polythiophene.
From its beginning, the OFET performance (µ ≈ 10−6 cm2
Vs
,On
Off
≈ 102−3) has significantly
improved over the years, even rivaling today’s electrical performance of a-Si thin film
transistors (µ ≈ 1 cm2
Vs
,On
Off
≈106). The performance of organic single crystal devices is in
fact approaching values of inorganic polycrystalline TFTs (µ ≈ 50−400 cm2
Vs
,On
Off
≥106) [3].
The rapid improvement in organic transistor performance is illustrated in Figure 1.1 for
the case of p-type OFET charge carrier mobility, summarizing the development of thin
film polymer, small molecule and single crystal transistor devices from the year 1984
to 2007. The references for the illustrated mobility values of the selected materials are
listed in Tables C.1 and C.3. A continuous increase in charge carrier mobility of over six
orders of magnitude during the course of the last two decades is demonstrated by this
graph. It is widely accepted, that this increase is due to optimized semiconductor solid
morphology, as the result of improved process parameters as well as an adequate choice
in smooth (rms ≈ 1nm) functionalized or non functionalized dielectrics [12–16]. While
the semiconductor morphology is important, due to a required strong pi − pi overlap
in the charge carrier transport direction, additional factors for enhanced OFET per-
formance are improved semiconductor purity1 as well as the use of different or newly
1A improved semiconductor purity results into a reduced charge carrier trap concentration (see
chapter 2.1).
5designed organic semiconductors. Furthermore, the transistor performance is influenced
by charge carrier injection properties, which depend on the OFET configuration as well
as the choice in source-drain contact metalization.
While p-type OFET charge carrier transport has been intensely studied since the
first OFET implementation, only few reports about n-type organic transistors have
been published in comparison. Usually, especially designed semiconductors are utilized
for n-type OFET applications [17, 18], mostly comprising strong electron withdrawing
groups, such as -F or -CN, since it was generalized until recently, that the unipolar
charge carrier transport properties of organic semiconductors are an intrinsic [19, 20]
material attribute. With regard to complementary metal oxide semiconductor (CMOS)
technology, where p- and n-type transistors with balanced charge carrier transport prop-
erties are required on a single substrate, complicated and costly approaches for the
realization of organic CMOS technology have therefore been implemented, in order to
deposit different semiconductors on a single substrate. The complicated approaches are
required, based on the intolerance of most organic semiconductors to UV radiation, wa-
ter as well as oxygen, and therefore their incompatibility to classical lithography without
significant degradation of the charge carrier transport properties. The most frequently
implemented technique for the realization of CMOS devices is the deposition of spatially
separated semiconductor materials by physical vapor deposition (PVD) [21–24]. This
structured precipitation of the respective organic semiconductors is made possible by
the use of shadow masks. An alternative approach could possibly be the use of inkjet
printing [25–27].
However, for OFET applications it was recently demonstrated, that the field effect
charge carrier transport properties of organic semiconductors can be influenced by elec-
tronic states, such as hydroxyl groups, at the dielectric / semiconductor interface [28,29].
This is an aspect, which has been underestimated in the existing OFET development,
due to the assumption, that organic semiconductors are not able to form dangling bonds,
which are considered to be the main cause for interface states in inorganic semiconduc-
tors. As a result, it could be demonstrated, that pentacene, which was considered a
material with unipolar p-type transport properties [20], exhibits balanced field effect
charge carrier transport properties for both electrons and holes [28], if deposited onto
an appropriate dielectric. In fact, Chua et al. [29] were able to demonstrate ambipolar
transport in a variety of polymer semiconductors, deposited on different gate dielectrics.
This indicates, that organic semiconductors, in dependence of their electron affinity, are
actually intrinsically ambipolar [19] instead of unipolar n- or p-type. The demonstrated
importance of dielectric interface states for OFET charge carrier transport properties
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leads to the question, of how dielectric interface engineering can be utilized, to modify
ambipolar transistor charge carrier transport for organic CMOS applications.
This thesis deals with the application of two different approaches in dielectric interface
engineering to address the challenge of realizing organic CMOS technology, using only
a single organic semiconductor and in fact an identical device cross section. These
techniques allow for the removal and introduction of charge carrier traps at the dielectric
interface. In addition, utilizing the electret properties of a polymeric gate insulator,
the influence of a forming step on the OFET charge carrier transport properties is
investigated. The content of the thesis is structured as follows:
The theoretical and experimental basics for the understanding of the conducted in-
vestigations are described in chapters 2 and 3.
The possibility to realize unipolar p- and n-type pentacene OFETs, using an adequate
source-drain metalization, is treated in chapter 4. Further, the influence of several
polymeric gate dielectrics, with regard to unipolar transistor charge carrier transport is
investigated. The insulators were chosen, due to a varying amount of oxygen containing
polar groups in their monomeric unit.
Two approaches used to modify the dielectric interface for changes in the OFET
charge carrier transport are dealt with in detail in chapter 5. In a first approach, the in-
fluence of Ca trace modified SiO2 insulators [28] on the n-type pentacene OFET charge
carrier transport properties is investigated. For these experiments, electrical transistor
parameters as well as photoelectron spectroscopy measurements are considered in depen-
dence of the Ca layer thickness. In the second approach, the influence of a polymethyl-
methacrylat insulator, exposed to ultra violet (UV) radiation in ambient atmosphere, is
investigated with respect to pentacene OFET charge carrier transport. For these inves-
tigations, to quantify UV induced changes at the polymer interface, a detailed interface
analysis is conducted, using atomic force microscopy, water contact angle as well as
photoelectron spectroscopy measurements, in addition to the electrical characterization
of the completed OFET device structure. In the final section of chapter 5, the investi-
gated approaches for dielectric interface engineering are examined with regard to their
applicability to organic CMOS technology.
In chapter 6, the influence of positive charges, stored in a polymethylmethacrylat
insulator on the pentacene OFET charge carrier transport, is analyzed. For these in-
vestigations, the electret properties of the polymeric insulator are exploited by charging
the dielectric, using a thermal forming step.
Chapter 2
Theoretical fundamentals
In the following chapter, the theoretical fundamentals for the understanding of this
work are elaborated. However, no claim for an exhaustive treatment of the respective
topics is made. For further information, the inclined reader is referred to more detailed
literature [30–33].
2.1 Organic semiconductors
Definition
Carbon based molecules, that allow for the injection and transport of charge carriers,
due to a conjugated pi-electron system, and feature optical gaps, spanning the energy
spectrum from the near ultra violet to the near infrared energy range, are referred to as
organic semiconductors in the following.
Basic properties
Organic semiconductors are classified into two material classes, which are small molecules
and polymers. While the electronic properties of both types of materials are more or less
the same, they differ with respect to their processability. Thin films or single crystals
of small molecules are typically grown by physical vapor deposition. Polymers, however,
cannot be thermally evaporated, due to a deterioration of their molecular structure dur-
ing the process. This is the result of their high molecular weight. However, the design
of most polymers allows this type of semiconductor to be processed from solution. Tech-
nologically, this is achieved by engineering monomer unit side chains, that impede the
crystallization of the polymer in solution.
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For organic semiconductors, the σ-bonds of sp2-hybridized C-atoms form the back-
bone of the respective molecules, due to their covalent bonding nature. The additional
overlap in pz orbitals for neighboring C-atoms leads to a further bonding type, the pi-
bond, which is responsible for the delocalized electron system along the conjugation
path of the respective molecules and therefore their semiconducting properties. In a
perfect system, this would lead to a delocalization along the entire conjugation length
of the molecule. However, in real systems, the electron delocalization is limited by im-
purities, imperfections and twists in the molecular structure. Due to the limited spatial
dimensions of small molecules and the possibility to purify the organic semiconductor,
for example by gradient sublimation, the pi-electron system is generally assumed to be
delocalized along the entire conjugation length. For polymers with their much larger
spatial dimensions, however, the delocalization is typically limited to a few monomer
units.
The split of the pi-bonds in their binding (pi) and anti-binding (pi∗) states, for molecules
in their gas phase, defines the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital(LUMO). For the case of pentacene, these frontier orbitals,
as experimentally obtained by measuring the ionisation potential I and the electron
affinity χ [31], are illustrated in Figure 2.1 1).
By considering solids, one of the most important differences to inorganic semicon-
ductors is the preservation of the molecular properties in organic compounds such as
chemical identity, vibrionic oscillations as well as the conservation of the molecular elec-
tronic structure. This is due to the weakness of the van der Waals interaction forces
2, which are responsible for the cohesion of the molecular solids. For organic solids,
these forces are primarily due to easily polarizable pi-orbitals with fluctuating electron
densities and therefore time dependent dipole moments [31]. With regard to charge
carrier transport states, the weak intermolecular interaction forces for organic semicon-
ductors are the cause for significant differences, when compared to their inorganic coun-
terparts. For inorganic semiconductors, the electronic wave functions are delocalized
throughout the entire semiconductor, resulting in energetically wide quasi continuous
valence and conduction bands of up to 8eV. This energy range allows for band type
transport. For solids of molecular semiconductors, however, the delocalization of the
electronic wave function is weak, resulting in a split of the HOMO / LUMO levels
into energetically narrow bands of several 100meV. Therefore, in accordance with the
frontier orbitals of organic molecules in their gas phase, solid state transport states of
2Van der Waals forces are defined by weak electrical dipole forces between neutral molecules that
exhibit fully occupied molecular orbitals.
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Figure 2.1: Pentacene energy diagram with respect to the
electron affinity and the ionisation potential. The values are
depicted for the gas phase 1) (χG , IG), as well as the single
crystal form 2) (χC , IC) of pentacene. [31]
molecular semiconductors are
designated as HOMO / LUMO
levels in the following.
In solids the energetic posi-
tion of the HOMO / LUMO
levels changes due to elec-
tronic or vibronic polarization
effects, as indicated in Figure
2.1 2). Here, the respective
energy states are illustrated
for pentacene in its monocrys-
talline form [31]. The elec-
tronic polarization of these
states by a charge carrier, ei-
ther injected or thermally gen-
erated within the molecular solid, is > 1eV. This is indicated by Pe as well as Ph for
electrons and holes. This results in an energy gap of 2.2eV between the HOMO / LUMO
transport levels for the case of pentacene. In general, solids of organic semiconductors
exhibit energy gaps between 1.5eV and 3eV. Since the charge transfer time from one
molecule to the next is by a factor 100 larger than the time required for the charge
carrier to polarize its molecular environment, the polarization is bound to the charge
carrier during its transport through the molecular solid. This is called a polaron. In
addition to the electronic polarization of the energy states, the molecular polarization3
leads to a further reduction in the optical bandgap of the organic molecular solid by
≈ 0.3eV [31].
The susceptibility of transport states of organic solids to polarization effects makes
it necessary, to differentiate between organic molecular crystals and organic molecular
disordered solids, when considering charge transport properties.
Experiments on organic molecular crystals, conducted by Warta et. al [34], have
demonstrated an increase in charge carrier mobility for a decrease in sample temperature.
This experimental result was ascribed to a reduction in phonon scattering and implies
band like charge carrier transport [32,34] for organic molecular crystals. Indeed, Cheng
et. al [35] were able to confirm the possibility of band like transport for organic molecular
crystals by using Hartree-Fock-INDO calculations, to estimate the bandwidth of several
polyacene crystals. For the case of pentacene, a total HOMO / LUMO bandwidth of
3Polarization due to interatomic oscillation.
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≈ 700meV was determined. The energetically narrow bands develop in consequence of
a pi-pi orbital overlap for adjacent molecules, due to the high translational symmetry
of molecular crystals. However, it was also substantiated, that the band transport for
organic molecular crystals is limited to temperatures below T ≈ 150 K [35], due to
electron phonon coupling. For T > 150 K, the mean free path length of charge carriers
is in the order of ≈ 5A˚, which is in the order of the dimensions for a molecular unit
cell4. This reduction in mean free path length marks the transition from band like to
hopping transport. The influence of the structural order on the charge carrier mobility
is estimated, by considering the effective mass of charge carriers at the band edge m∗.
By taking the Hueckel-Theory into account [37], m∗ can be approximated by:
m∗ =
~2
2a20β
(2.1)
Here, a0 represents the distance between two molecules, and the parameter β describes
the transferintegral energy. A good overlap in pi orbitals, due to structural order, results
in an increase in β and therefore in a reduction of the charge carrier effective mass. By
considering the following Drude approximation for the charge carrier mobility (equation
2.2), a reduction in m∗ and therefore an enhanced structural order should lead to an
increase in charge carrier mobility.
µ =
e
m∗
∗ τ
2
(2.2)
Here e represents the elemental charge and τ represents the mean free time.
The charge carrier mobility in disordered molecular solids is rising with increasing
temperatures [38], implying a hopping transport even at T < 150 K. This is the result
of a missing translational symmetry as well as weak intermolecular binding energies,
which impede the formation of transport bands. For such compounds, the transport
gap between the HOMO / LUMO transport levels is not only defined by intermolecular
interactions, but may vary significantly, due to the disorder of the solid. The disorder
and hence the locally different polarization environments result in a distribution of the
respective HOMO / LUMO levels, that is described in the following by a Gaussian
Density Of States (DOS) [39] distribution, as depicted by the left side of Figure 2.2.
The DOS is quantified by equation 2.3:
DOS(E) =
N√
2pi σ
exp (−(E)
2
2σ2
) (2.3)
4The pentacene molecule has spatial dimensions of 7.9A˚, 6.06A˚ and 16.01A˚ in the respective a, b
and c directions. Two molecules are arranged per unit cell [36].
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Figure 2.2: Transport states in a disordered molecular solid. Three different
hopping transitions a), b) and c) are illustrated by the inset. Only for transition
c), an activation energy is required prior to the tunneling process.
Here N represents the spatial density of states, and the energy E has to be considered
with respect to the energetic center of the DOS. The typical standard deviation / width
for organic disordered solids is in the order of σ ≈ 100meV [40].
Hopping transport
The charge carrier transport in organic molecular crystals, where the localization of a
charge carrier on a molecule prevails, as well as disordered molecular solids can be de-
scribed by a hopping transport. This is the direct result of an energetical disorder of the
HOMO / LUMO transport levels. The assumed Gaussian density of states distribution
for disordered molecular solids is exemplified by the illustration of Figure 2.2. In princi-
ple, the hopping transport can be described as a tunneling process. However, tunneling
is an isoenergetic event, which needs to be considered, when discussing the actual trans-
port. In the following, the hopping process is covered, using a model first introduced by
Ba¨ssler [39]. The hopping rate between two transport states can be quantified by the
following Miller-Abraham type equation [41]:
νij = ν0exp(−2γ∆Rij)
exp(−
Ej−Ei
kT
); Ej > Ei
1; Ej ≤ Ei
(2.4)
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Here Ei and Ej represent the respective initial and target energies for the hopping
process within the DOS . The norm distance between these states is defined by ∆Rij,
and the constant γ symbolizes the exponential decay of the respective wave functions.
The Boltzmann constant is given by k and the temperature by the parameter T . The
equation is a product of the attempt to escape frequency ν0, an exponential factor
describing the tunneling probability, as well as a Boltzmann factor for hops upwards in
energy (Ej > Ei). Hops down in energy (Ej < Ei) are not impeded by the energy
matching condition of the tunneling. The surplus energy is dissipated after the tunneling
process.
Illustrated by the inset of Figure 2.2 are three possible hopping occurrences a, b
and c, in order to visualize the transport. For transitions a) (isoenergetic tunneling)
and b) (energy dissipation after the isoenergetic tunneling), no thermal activation is
necessary prior to the tunneling process. Such a thermal activation, however, is needed
for transition c), where a hop upwards in energy is required for the transport in X
direction.
As discussed above, the charge carrier transport in molecular crystals as well as disor-
dered molecular solids is dominated by a hopping transport for temperatures > 150 K.
However, a good structural order of the solid, as it is found in molecular crystals, is
still beneficial for the charge carrier transport. As previously discussed, an overlap
in pi-orbitals leads to an enhancement in transferintegral energy and therefore into an
increase in charge carrier mobility.
Charge carrier traps
In addition to what has been stated above, possible energetic states in the band gap
above or below the HOMO / LUMO transport levels function as charge carrier trap
states. Furthermore, low tail states in the HOMO or LUMO DOS may act in a similar
fashion. Once a charge carrier is localized within these states, it no longer contributes to
the charge transport, unless it is thermally activated to escape its trap. For the case of
electrons, trap states are considered energetically deep for energy values ET ≥ EF + kT
[42]. For the case of holes, the inequality ET ≤ EF − kT holds. The trap level energy
ET as well as the Fermi level EF are considered with respect to the vacuum level.
The distribution of the trap states can range from monoenergetic states to a random
distribution.
The origin of semiconductor trap states is the result of a morphological or chemical
nature. Morphological traps are usually due to grain boundaries or a disorder of the
molecular solid. Chemical traps, on the other hand are due to neutral doping or impu-
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rities of the organic semiconductor as well as defects in the monomeric units or chain
irregularities. Furthermore, functional groups containing oxygen can significantly influ-
ence the charge carrier transport by the localization of negative charge, as demonstrated
for the case of keto groups in polyfluorene-type conjugated polymers by Kadashchuk et
al. [43].
Figure 2.3: Hydroxyl group electron trapping mech-
anism suggest by Chua et al. [29].
For the special case of field ef-
fect transistors, where the charge
carrier transport occurs directly at
the dielectric / semiconductor in-
terface, electronic interface states
may also influence the charge car-
rier transport [44]. This is exempli-
fied by the illustration of Figure 2.3,
where the electron trapping mecha-
nism of hydroxyl groups, available
at a SiO2 / organic semiconductor interface is depicted, as proposed by Chua et al. [29].
It is suggested, that the trapping of an electron occurs, due to the dissociation of a
hydrogen atom, leading to the formation of a negatively charged silicon ion at the di-
electric interface. While hydroxyl groups function as electron traps, they do not seem
to influence the charge carrier transport of holes, as will be dealt with in chapter 4.2.
This indicates, that complementary charge carrier traps can exist independently of one
another [45].
2.2 Transistors
Since its first realization by Bardeen, Shockley and Brattain in 1951 [46], the transistor
has become one of the key elements in modern day electronics. Its widespread imple-
mentation is at last the result of the capability, to modulate the electric current by an
electric quantity in a solid state device. This is a concept, which was first introduced
by Julius Edgar Lilienfeld in 1928 [47], who described the control of the resistor con-
ductivity by a pure solid state effect. Even though many approaches for the transistor
realization have been developed over the years, they can mainly be subdivided into two
groups of bipolar and field effect transistors (FETs):
• Bipolar transistors are realized, using either a npn- or pnp-junction sequence. The
different areas of the device are designated as collector, base and emitter electrode.
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To operate the transistor, one of the junctions is forward biased, where as the
other is biased in reverse. Using a small control current over the base electrode, a
significant current between the collector and emitter electrodes is enabled.
• As for the bipolar transistor, the field effect transistor incorporates an electrode
(Gate), by which the current between two further electrodes (Source and Drain)
can be modulated. However, for this type of transistor, the control electrode is
isolated from the transistor channel by a gate dielectric, as depicted in Figure
2.4(a). The conductivity in the transistor channel is altered by applying a voltage
to the gate electrode, resulting in a change in charge carrier density at the dielec-
tric / semiconductor interface as a consequence of the field effect. In contrast to
the bipolar transistors, the field effect transistor is voltage controlled.
However, for organic transistor applications, the realization of bipolar transistors
is difficult, and has therefore impeded its widespread application. This is due to the
circumstance, that stable charge transfer doping is not well established as a result of
high diffusion of the respective dopants, making the realization of the necessary npn- or
pnp-junction sequence not easily feasible. For the work at hand, only organic field effect
transistors are discussed.
2.2.1 Organic field effect transistors
The organic field effect transistor is a type of thin film transistor (TFT), which differs
from the standard FET structure by its intrinsic semiconductor layer as well as by its
processability. Inorganic TFTs are widespread in todays electronic applications, since its
structure is compatible with common thin film techniques, such as physical or chemical
vapor deposition, as well as solution based processes, such as dip or spin coating. The
TFT is therefore not limited to a specific substrate, which represents one of its main
advantages. Organic field effect transistors represent an interesting extension to the
TFT family. This is due to the promise of cheap role to role processability, or the
implementation of transistors on plastic substrates for applications, such as flexible
displays or RFID tags.
Illustrated in Figures 2.4(a) and 2.4(b) are two typical standard OFET designs. De-
picted in Figure 2.4(a) is a top gate configuration comprising, bottom source-drain con-
tacts, while in Figure 2.4(b) a bottom gate configuration with top source-drain contacts
is illustrated. Both top and bottom gate configurations are also commonly implemented
with a respective top or bottom source-drain architecture (not shown). The resulting
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(a) OFET top gate and bottom source-drain con-
tact configuration.
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(b) OFET bottom gate and top source-drain
contact configuration.
Figure 2.4: Standard OFET designs in top / bottom source-drain contact con-
figuration. The top / bottom gate architecture indicated in Figures 2.4(a) and
2.4(b), can be applied to both of the source-drain contact configurations.
typical four transistor structure combinations can be chosen in dependence of the appli-
cation or material requirements.
The working principle of an OFET is based on the field effect, where mobile charge
carriers, either thermally generated5 or injected from the source-drain electrodes, are
accumulated at the insulator / semiconductor interface to compensate the electric field
applied by the gate electrode. As a result, the total amount of accumulated charge n and
therefore the conductivity σ in the transistor channel can be controlled by the applied
gate potential. The conductivity is defined by σ =
∑
i µinie, where µ represents the
charge carrier mobility and e defines the elemental charge. A current through the tran-
sistor is obtained, by applying a lateral electric field between the source-drain electrodes
as long as the conductivity of the semiconductor layer is sufficiently high. The actual
current transport occurs within the so called transistor channel. This channel is spa-
tially limited to the charge carrier accumulation zone at the insulator / semiconductor
interface, typically extending over the first few monolayers of the organic semiconduc-
tor. This spatial limitation of the transport channel indicates the importance of the
dielectric / semiconductor interface for the charge carrier transport in transistors [44].
Typically, a transistor is characterized by two interpretations of the current voltage
characteristic, which are schematically illustrated in Figures 2.5(a) and 2.5(b). The dot-
ted lines represent the unipolar device characteristic, while for the case of an ambipolar
transistor behavior (VD ≥ VG), only the solid extensions of the characteristics have
5For the following discussion thermal generation of charge carriers is neglected, since the time con-
stant for charge carrier injection is significantly shorter [48].
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Figure 2.5: Schematic illustration of typical transistor current voltage character-
istics. For VD ≤ VG the transistor is always operated in the unipolar range (dotted
lines). For VD> VG uni- or ambipolar (dotted lines) operation is possible. OFETs
that allow for the injection and transport of electrons as well as holes exhibit am-
bipolar operation in that voltage range. Otherwise, the transistor characteristic
saturates and remains unipolar.
to be taken into account. Ambipolar transistor behavior occurs, if the applied drain
voltage VD exceeds the applied gate voltage VG, the source-drain contacts allow for the
injection and the semiconductor permits the transport of complementary charge carriers.
Therefore, in contrast to a unipolar transistor, where the drain current is driven by only
one type of charge carrier, two complementary charge carrier types contribute to the
drain current of an ambipolar field effect transistor. A more descriptive discussion of
the ambipolar charge carrier transport is elaborated below. The transistor output char-
acteristic is shown in Figure 2.5(a), which describes the drain current ID in dependence
of the drain voltage. This figure is usually considered as an indicator for a non ohmic
contact resistance between the source-drain metalization and the organic semiconductor.
For VD << VG, the characteristic exhibits a linear / s-shaped behavior for respective
low / high injection barriers. Here, the output characteristic is depicted for the case
of ohmic contacts. Illustrated in Figure 2.5(b) is the transistor transfer characteristic,
which describes the drain current in dependence of the gate voltage. This characteristic
is usually considered, in order to extract the device charge carrier mobility as well as its
threshold voltage by the use of the Shockley transistor model [49].
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Figure 2.6: Resistor capacitor equivalent circuit for the extended Schockley tran-
sistor model [33].
In the following, an extension of the Shockley model is discussed, as published by
Schmechel et al. [33], in order to describe the uni- and ambipolar transistor currents.
The model is based on the gradual channel approximation, and was derived under the
assumption of ohmic source-drain contacts as well as an infinite recombination proba-
bility between electrons and defect electrons (holes) in the transistor channel. Charge
carrier density dependent mobilities are not considered.
The approach to calculate the transistor drain current is based on a simple resistor
capacitor equivalent circuit, as depicted in Figure 2.6. The drain current is obtained by
applying Ohm’s law (2.5).
ID =
V (x)
R(x)
(2.5)
Here, V (x) represents the voltage drop along the insulator surface between the source
electrode and the position x, as indicated by the equivalent circuit. The differential
resistance in the transistor channel is given by the parameter R
′
(x), which allows for
the derivation of the partial channel resistance R(x) between the position x and the
source electrode at x = 0. The resulting partial channel resistance is described by
equation 2.6.
R(x) =
∫ x
0
dx
We[µnn(x) + µpp(x)]
(2.6)
Here, the respective electron and hole charge carrier mobilities are defined by µn and
µp. W represents the transistor channel width. The area charge carrier density per unit
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area for electrons and holes is described by n(x) and p(x) respectively. However, as long
as these parameters are not known, equation 2.6 is undefined.
In the following, R(x) is determined by using the net surface charge Q(x) per unit
area, as given by equation 2.7:
Q(x) = e[n(x)− p(x)] = C[V (x)− VG] (2.7)
C represents the capacitance per unit area, and VG describes the applied transistor gate
voltage. Taking into account, that V (x) is defined by the voltage divider, depicted in
Figure 2.6, the voltage drop can be described by equation 2.8:
V (x) = V (x0)
R(x)
R(x0)
(2.8)
R(x0) symbolizes the device channel resistance, integrated up to a random position x0
in the transistor channel. By substituting equations 2.8 and 2.6 into equation 2.7, the
following differential equation for a local variation of the channel’s net charge is obtained
by the differentiation of equation 2.7:
dQ
dx
=
CV (x0)
R(x0)
· 1
We[µpp(x) + µnn(x)]
(2.9)
Under the approximation of an infinite recombination probability6, equation 2.9 can be
solved by assuming Q(x) = ep(x) for holes, or Q(x) = −en(x) for electrons.
If the transistor is operated in the unipolar mode(|VD| ≤ |VG|), only one charge
carrier type is accumulated in the transistor channel. Therefore, by taking into account
the boundary conditions x0 = L, V (x0) = VD as well as Q0 = CVG at the source
electrode, the integration of equation 2.9 yields the net charge per surface area:
Q(x) =
−
√
C2V 2G − 2CµnW · VDR(L) · x for VG > 0 (electrons)√
C2V 2G +
2C
µpW
· VD
R(L)
· x for VG < 0 (holes)
(2.10)
By using the boundary condition Q(L) = C(VD − VG), R(L) can be determined:
R(L) =
∣∣∣∣ Lµn/p ·WC(12VD − VG)
∣∣∣∣ (2.11)
As already indicated above, for |VD| > |VG|, the transistor is operated in the am-
bipolar current-voltage range. This means, that both electrons and holes contribute
6This results into a concentration of zero for electron-hole pairs in the transistor channel.
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to the transistor drain current, as long as the injection barriers for both charge car-
rier types are sufficiently low and the semiconductor allows for ambipolar behavior.
Under the assumption of an infinite recombination probability between electrons and
holes, the transistor channel is separated into a unipolar electron and hole transporting
section, as indicated in Figure 2.7, for a transistor operated in the ambipolar range.
n p
Figure 2.7: Charge carriers contributing to the
ambipolar current for |VD| > |VG|
The position x0 in the transistor chan-
nel forms the intersection between the
two unipolar transport ranges, where
the recombination of the complementary
charge carriers occurs. At this position,
the accumulated net charge is zero and
consequently the potential is given by
V (x0) = VG. For the ambipolar range,
the total channel resistance is composed
of two components, as described by equa-
tion 2.12.
R(L) = Rn +Rp (2.12)
Rn represents the channel resistance from the source electrode to the position x0 and
Rp defines the channel resistance between x0 and the drain electrode. By considering
that Q(x0) = 0, and the delineations above, the resistances Rn and Rp can be quantified
as:
R(n) =
2x0
µnWC |VG| , R(p) =
2(L− x0)
µpWC |VD − VG| (2.13)
The mobilities of the complementary charge carrier types are represented as µn and
µp. Due to a constant current in the transistor channel, the position of the recombination
zone (x0) can be derived by taking into account
|VG|
Rn
= |VD−VG|
Rp
as:
x0 =
LV 2G
V 2G +
µ2
µ1
(VD − VG)2 (2.14)
Finally, the transistor drain current can be derived for its uni- and ambipolar range,
by subsequently substituting equations 2.11 and 2.13 / 2.14 into equation 2.5. For the
previous calculation, a fully depleted transistor channel at zero gate bias was assumed
as well as a contribution of all charge carriers accumulated in the transistor channel, due
to an applied gate field, to the charge carrier transport. These assumptions ignore trap
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states in the transistor channel or at the dielectric / semiconductor interface, which
may localize charges otherwise available for the current transport. Furthermore, it
was ignored, that mobile charge carriers are possibly already available in the transistor
channel at zero gate bias. To account for these effects, which influence the effective gate
voltage, a threshold voltage Vth,n and Vth,p for electrons and holes is introduced to the
drain current equations.
In the following, the drain current equations are given for the uni- and ambipolar
range in the electron accumulation mode (VG > 0). The equations 2.15 - 2.17 have been
derived under the condition of Vth,n > 0 > Vth,p.
(1) Unipolar range VD ≤ (VG − Vth,n)
|ID| = WC
L
µn[(VG − Vth,n)− 1
2
VD]VDΘ(VG − Vth,n) (2.15)
(2) Saturation range VD ≥ (VG − Vth,n) but VD ≤ (VG − Vth,p)
|ID| = WC
2L
µn(VG − Vth,n)2Θ(VG − Vth,n) (2.16)
(3) Ambipolar range VD ≥ (VG − Vth,p)
|ID| = WC2L [µn(VG − Vth,n)2Θ(VG − Vth,n)
+µp(VD − (VG − Vth,p))2]
(2.17)
Θ(x) stands for the Heaviside step function, which is defined as Θ(x) = 0 for x ≤ 0
as well as Θ(x) = 1 for x ≥ 0. The described model will be utilized in the following
sections, to derive transistor parameters such as the mobility or the threshold voltages.
2.2.2 Influence of the dielectric interface on charge carrier trans-
port in organic field effect transistors
The dielectric interface surface of an OFET influences the current transport mainly by
(1) influencing the morphology of the organic semiconductor, (2) the dielectric properties
of the insulator and (3)electronic states at the dielectric interface.
Aspect 1) The influence of the dielectric interface on the semiconductor morphology,
with respect to grain size and molecular orientation, is probably the most frequently
investigated issue. The most common approaches are, to minimize the insulator surface
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Figure 2.8: Impedance and DC measurements on MIS diodes consisting of a
p++-Si / insulator / pentacene / Ca layer stack [54]
roughness, and to control the orientation of the molecules by the use of self assembled
monolayers (SAMs) [12–16,50]. This is important, as outlined above, due to the required
strong pi-pi overlap in the transport direction as well as the non-isotropic charge carrier
transport in organic semiconductors [31]. Recent studies [24, 51] have demonstrated,
that SAMs can even be used as thin (d=2.5nm) dielectrics, in order to realize low power
OFET and circuitry applications.
Aspect 2) The effect of dielectric properties, such as the dielectric constant, on the
charge carrier transport has so far been less often investigated. However, there is ex-
perimental evidence for a decrease in mobility with an increase in the dielectric permi-
tivity [50, 52, 53]. This effect is most probably due to a broadening of the DOS, as the
result of polarization effects, and therefore a reduced charge carrier mobility
Aspect 3) The effect of electronic states at the dielectric interface has been underes-
timated so far for organic field effect transistors and is therefore less frequently investi-
gated. This is due to the lack in dangling bonds for organic semiconductors, which are
the main cause for electronic interface states in their inorganic counterparts. However,
it could be demonstrated, that pentacene, which is well known for its unipolar hole
transporting properties, also conducts electrons [28, 55] with a mobility comparable to
that of holes. The inhibited electron field effect mobility of the well researched mate-
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rial could be linked to electron traps at the dielectric / semiconductor interface [28], in
particular on SiO2 surfaces, which have been the insulator of choice for most investiga-
tions. The importance of a trap free dielectric interface for the OFET charge carrier
transport is further substantiated by the following metal insulator semiconductor (MIS)
diode experiment [54].
The investigated device has a cross section, consisting of a p++ − Si / SiO2 /pent-
acene / Ca layer stack, analogue to the typical OFET bottom gate / top source-drain
contact device structure. Illustrated in Figure 2.8(a) is the differential MIS diode ca-
pacitance measurement of this experiment, using a measurement frequency of 100Hz.
CDiel represents the capacitance of the 200nm SiO2 dielectric, while CTot stands for the
total device capacitance including the organic semiconductor. The MIS diode shows
no significant dependence of its capacitance on the applied voltage (VG). For reverse
bias, this is due to a large energy barrier at the Ca / pentacene interface, suppressing
the hole injection. For forward bias, the negligible response in the capacitance voltage
characteristic is suggested to be either due to an insufficient electron injection or to the
circumstance, that injected electrons cannot be transported through the pentacene bulk
at the applied measurement frequency, or possibly to electron traps at the dielectric
interface.
By taking Figure 2.8(b) into account, which illustrates a DC charging of the diode
at an applied voltage of VG=40V, an accumulated charge of 172nC is determined. This
amount of charge corresponds to a device capacitance of C=4.3nF7, which is close to
the value obtained for CDiel. As discussed by Ahles et al. [28], this proves, that electrons
can be injected into the organic semiconductor and transported through the bulk of the
pentacene layer. However, once accumulated at the dielectric interface, the negative
charge carriers cannot follow the applied AC electric field of the measurement, which
is expressed by the lack of change in the differential device capacitance, illustrated in
Figure 2.8(a).
This result strongly suggests, that charge carrier traps are available at the interface of
SiO2 insulators, impeding the electron current transport in pentacene OFETs incorper-
ating such a dielectric. The drawn conclusions were further supported by considering the
impedance measurement of a MIS diode with Ca modified SiO2 dielectric (not shown).
For such a device, the applied forward bias measurement yielded a differential capac-
itance value close to that of the device dielectric. This indicates, that the suggested
interfacial electron traps are influenced by the Ca modification. As discussed above,
these traps were later identified by Chua et al. as hydroxyl groups.
7A dielectric constant of ² = 3.9 is considered for SiO2 [50]
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The effects of electronic states at the dielectric interface, with respect to the OFET
charge carrier transport, will be the focus of this dissertation. In the following chapters,
several techniques, to modify such trap states at the dielectric interface for the control of
the OFET charge carrier transport, will be demonstrated. Furthermore, the introduced
dielectric interface engineering approaches will be implemented, to realize OFETs with
complementary charge carrier transport properties, however, with an identical device
structure.
2.3 Electrets
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Figure 2.9: Electret charging by contacting
electrode. 1) Dipole alignment and space charge
separation. 2) Charge carrier injection due to
high electrical field strenghts.
The charging of an electret dielectric will
be used, to influence the OFET charge
carrier transport properties, as elabo-
rated in chapter 6.
An electret is a piece of dielectric ma-
terial, exhibiting a quasi − permanent
electrical charge. The term “quasi-
permanent” means, that the time con-
stant characteristic for the decay of the
charge carrier concentration in the elec-
tret is much longer than the time period
over which studies are performed [30].
The type of charges which are stored in an electret are either space charges, the
result of a true polarization of the electret, or a combination of the two. A multitude of
approaches exist to charge electrets, such as electrical discharges, particle beams, contact
electrification or by contacting electrodes. The following discussion will concentrate on
electret charging by contacting electrodes, using a thermal charging method.
Thermal charging of an electret consists of the application of an electric forming field
Eform to the dielectric, at an elevated forming temperature Tform. Subsequently, the
forming temperature is cooled down, while the forming field is held at a constant value.
During this process, two kind of charging phenomena can occur. 1) Internal polarization,
due to dipole alignment or charge separation within the electret. 2) Charge injection
through contacting electrodes. Both charging phenomena are schematically illustrated
in Figure 2.9.
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1. Dipole alignment under the influence of an electric field occurs at elevated forming
temperatures (above the glas temperature for the case of a polymer insulator),
where the molecules or molecular chains of the solid are sufficiently mobile. By
cooling the electret, while the electric field strength is held constant, the dipoles
are “frozen” in their aligned position, giving the electret a permanent polarization.
It has been demonstrated by van Turnhout [56], that the electret polarization by
dipole alignment is weakly forming-field and strongly temperature dependent.
The polarization of an electret, due to charge separation of electret space charges,
results from the temperature dependent conductivity σ(T ) of the electret, as indi-
cated by equation 2.18:
σ(T ) = σ0exp(
−EC
kBTForm
) (2.18)
EC represents the activation energy for conduction. The conductivity σ(T ) of the
solid is increased with elevated temperatures, allowing for this type of polarization.
The charge separation process exhibits the same forming field and temperature
dependence as the dipole alignment process [30].
2. The injection and storage of excess charge in an electret can occur, if the applied
electric field strength is sufficiently high for charge carriers to overcome the in-
jection barrier between the injecting electrode and the electret. The charges are
then localized in available trap states as discussed above. While the charge carrier
injection is strongly forming-field dependent [57], elevated temperatures are still
beneficial for this kind of electret charging process, due to an enhanced electret
conductivity, as demonstrated by equation 2.18. Elevated temperatures allow for
the excess charge to be transported into the bulk of the insulator. This allows the
filling of energetically deep traps in the volume of the dielectric, which extends the
discharge time of the electret at room temperature.
Chapter 3
Experimental Framework
In the present chapter, the required experimental framework for the investigations dis-
cussed in chapters 4 - 6 is delineated. At first the employed materials are presented,
followed by a discussion of the applied thin film deposition techniques, the sample struc-
ture as well as specific techniques and conditioning methods, to characterize and alter
the electrical device performance. In a final section of this chapter, the characterization
techniques used to investigate the chemical composition or structure of certain sample
layers are summarized.
3.1 Materials
Organic insulators
Poly
methylmethacrylat
Polyimid (JSR-AL-1054)
Polycarbonat
Poly
(4-vinylphenol)
Polystyrene
*
N N
O
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O
O
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Figure 3.1: Chemical structure of the polymers used as dielectric materials. The
abbreviations used for the individual polymers are summarized in Table 3.1.
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Polymer Dielectric Contact Angle [◦]
Name Abbreviation Constant Determined Literature
Polystyrene PS 2.5 [58] 97 102 [59]
Polycarbonat PC 3.5 [58] 92 70 [60]
Poly- PMMA 3.5 [50] 81 70 [61],
methylmethacrylat 73 [62], 82 [63]
Poly(4-vinylphenol) P4VP 4.5 [50] 76 -
Polyimid PI 4 [64] 67 65 [65]
Table 3.1: Specifications of the utilized insulating polymers.
The work at hand investigates, among other aspects, the influence of several polymeric
gate dielectrics (polymethylmethacrylat, polyimid, poly(4 − vinylphenol), polycarbonat
and polystyrene) on the charge carrier transport in pentacene OFETs. The chemical
structure of these polymers is depicted in Figure 3.1. Furthermore, their respective
dielectric constant and water contact angle values are listed in Table 3.1. The water
contact angle values, determined as described in section 3.3, are compared to correspond-
ing literature values. The determined values correspond well with literature values, with
the exception of PC. The observed discrepancy may be the result of different experimen-
tal conditions, as summarized in section 3.3. The difference in water contact angle for
the respective polymers is suggested to be the result of varying amounts of oxygen con-
taining polar groups, such as hydroxyl and keto groups, in the repeating chain of the
material. The exact process parameters for the deposition of these polymers by the use
of a spin coater, as well as their respective dilutions, are listed in Appendix D.
Pentacene
The small molecule organic semiconductor pentacene belongs to the family of the oilgo-
acenes and is the semiconductor of choice for the following experiments. This semicon-
ductor has been subject to extensive investigations during the last 15 years, either in its
crystalline form or as polycrystalline thin films. This intensive interest is mainly due to
its exhibited high field-effect mobilities, as illustrated in Figures 1.1 and 4.1, as well as
the promise for commercialization of products incorporating this type of semiconductor.
The pentacene molecule, as depicted in Figure 3.2(a), is a planar molecule8 composed
of five benzene rings (C22H14). In its bulk phase, pentacene has a triclinic structure [67],
8Molecular dimensions of pentacene: a=7.9A˚, b=6.06A˚ and c=16.01A˚.
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(a) Molecular structure of pent-
acene (C22H14)
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(b) Comparative energy diagram between the pentacene trans-
port states IC (HOMO) and χC (LUMO), as well as the work
function (EA) of the utilized source-drain metalizations [31,66].
Figure 3.2
with two molecules arranged per unit cell [36]. The semiconductor HOMO / LUMO
levels are illustrated in Figure 3.2(b) by the ionisation potential / electron affinity at
respective energy values of IC ≈ 5.01eV and χC ≈ 2.81eV . The resulting energy
gap is Egap = 2.2eV . The following investigations will concentrate on pentacene thin
films deposited by physical vapor deposition. The utilized evaporation chambers are
described by section 3.2.
The applied material was obtained from Sigma Aldrich as fluorescence grade. How-
ever, since the purity of the organic semiconductor is critical for its charge transport
properties, the original material was gradient sublimed twice before processing. For this
process, a tube furnace at a maximum temperature of 260◦C, a negative temperature
gradient of 3.9
◦C
cm
as well as a constant stream of Ar / H2 gas at 0.7mbar was utilized.
Metals
The metals selected for the following investigations are Au and Ca, with a respective
purity of 99.99% (Chempur) and 99.5% (Alpha Aesar). These materials were chosen due
to their work function of 2.9eV for Ca and 5.1eV for Au [66], as comparatively illustrated
to the HOMO / LUMO levels of pentacene in Figure 3.2(b). The work function matching
of these metals to the respective transport levels of the organic semicondutor ideally
results into almost ohmic contacts9 for the injection of electrons (Ca) and holes (Au).
9Here ohmic contacts are considered as: Contacts that allow charge carrier injection without contact
resistance during device operation.
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Crucible Sublimation Material Sublimation
Temperature [◦C] Temperature [◦C]
Ta 3200 Au 1400
Mo - Ca -
SiO2 2000 C22H14 252 [70]
Table 3.2: Summary of the evaporated materials and their corresponding cru-
cibles. The sublimation temperature of the materials is specified for a pressure of
10−2 mbar.
3.2 Sample preparation
Section 3.2 provides the necessary details for the sample preparation. In a first subsec-
tion, the equipment used for the thin film deposition is listed, followed by a discussion
of the process sequence for the sample realization. In a final subsection, several sample
conditioning steps, which are used to influence the charge carrier transport properties
of selected devices, are deliniated.
3.2.1 Thin film deposition
Thin films by physical vapor deposition
The physical vapor deposition of metal or organic thin films is conducted by the use of
two Balzers evaporation chambers. The materials are evaporated, using current heated
crucibles. The utilized crucible material for the respective evaporated matter is summa-
rized in Table 3.2. The deposition chambers are connected by a transfer system, allowing
for the subsequent evaporation of semiconductors and metals without breaking the vac-
uum. Furthermore, a docking possibility for an available transfer shuttle allows for the
transport of the samples to and from the PVD-system to the respective preparation or
measurement glove boxes without exposure to ambient air. The influence of the avail-
able laboratory environment, with respect to the device performance, can therefore be
excluded. For more detailed information on the Balzers evaporation system, the reader
is referred to the dissertations of Heil [68] and Hepp [69].
In order to structure the thin films during their deposition, shadow masks with a
thickness of 100µm are positioned in the sample holders prior to their introduction into
the vacuum of the evaporation chambers. The stainless steel masks were obtained from
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CADiLAC-Laser. Thin polymer spacers were used in between the sample and the metal
shadow mask.
Thin films by spin coating
In order to deposit polymers from solution, a Specialty Coating Systems spin coater
(Model: P-6708D) located in a MBraun Unilab glove box, with an inert H2O atmosphere
(N2 ≤ 1ppm,O2 ≤ 1ppm) was utilized. As described above for the Balzers evaporation
system, the glovebox system has a transport shuttle docking possibility, in order to be
able to transport the prepared samples without exposure to air. The exact dilutions
and spin coating parameters for the processed polymers are summarized in Appendix D
(Tables D.1 and D.2).
3.2.2 Sample structure
In the following, an overview of the process sequence for samples investigated by chapters
4-6 is given. The exact process details, however, are described in Appendix D. All of the
described physical vapor deposition steps were conducted at a chamber base pressure
<10−6mbar.
The standard substrate used for all of the processed samples is a p++ doped 17x17mm2
silicon substrate with a 200nm dry oxide, as grown by the supplier (ChemPur). In a
first process step, the substrates are cleaned by subsequently sonicating the samples
in a 5% vol. dilution of deconex (Borer Chemie) and deionozed water, and then in pure
deionized water for time frames of 15 minutes. The substrates are dried in a stream of
pure N2.
In dependence of the sample application, the second process step consists either of the
deposition of a thin layer of Ca or of the deposition of different polymeric insulators. The
Ca layer is evaporated onto the SiO2 insulator by PVD for a thickness range between
0.6A˚ and 250A˚ at a deposition rate of 0.4
◦
A
s
. The Ca layer is structured during its
deposition by the use of a shadow mask. The deposition of the polymers from solution
is conducted by the use of a spin coater. The molecular structure of the utilized polymers
is illustrated in Figure 3.1. The respective dilutions, the exact spin coating parameters,
as well as the resulting layer thicknesses ranging from d =119nm to d =212nm are
described by Appendix D.
The third process step is optional, and is only applied in case of the deposition of a
polymer insulator onto the SiO2 dielectric. For this step, the processing of the samples
in inert N2 atmosphere or vacuum is interrupted, in order to expose the polymer layer
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(b) Schematic cross section of the
transistor structure.
Figure 3.3: Schematic illustration of the used top contact transistor structure
geometry.
to UV radiation in ambient atmosphere. The UV exposure is conducted at wavelengths
of 254nm and 185nm, with a respective optical power of 15mW and 1.5mW, using the
ozone photoreactor PR-100 (Ultra Violet Products).
The deposition of a 50nm pentacene layer is realized in a fourth process step by the
use of PVD at a deposition rate of 2
◦
A
s
. For the case of deposited Ca traces (process step
two), the pentacene layer is deposited directly after the Ca deposition onto the same
area without breaking the vacuum.
In a final and fifth process step, the source-drain metalization of either Au or Ca
(d = 100nm) is deposited by PVD at a deposition rate of 2
◦
A
s
. The source-drain geometry,
and therefore the channel dimensions of w = 0.8cm (channel width) and l = 100µm
(channel length), are defined during the deposition by the use of a shadow mask.
As already indicated by the discussed process sequence, a top source-drain / bottom
gate contact transistor structure is investigated. The cross section of the transistor
structure as well as the transistor channel dimensions are illustrated in Figures 3.3(a)
and 3.3(b). In order to modify or to characterize the individual layers, the process
sequence is interrupted after the respective process steps, as described in the following.
3.2.3 Electrical characterization and sample conditioning
In the following section, the periphery for the electrical device characterization as well
as several sample conditioning methods by which the current voltage characteristic of
the investigated OFETs is influenced, are introduced. The term conditioning defines
the exposure of OFET devices to electrical stress or a thermal charging (forming) step.
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(a) Electrical conditioning applied to OFETs in-
corporating a Ca passivation layer. Here, VD is
held constant at 80V, while VG is pulsed to 80V
in 5s intervals for the duration of 1h.
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(b) Electrical conditioning applied to OFETs
incorporating a UV modified PMMA dielectric.
For this approach the output characteristic is
driven for 8 cycles in the electron accumulation.
For each cycle VG is varied between 0V and 80V
in ∆VG=20V steps, and VD is varied between 0V
and 80V by ∆VD=1V steps for each VG step.
Figure 3.4: Driving schematic used for the different electrical cyclic conditioning
steps.
Electrical characterization
The electrical characterization of OFETs is conducted by the use of an HP 4155A pa-
rameter analyzer, as discussed in the following chapters. For specific applications, such
as the characterization of complementary metal oxide semiconductor (CMOS) inverter
structures, or one of the electrical cyclic conditioning steps, as considered in the follow-
ing subsection, a Keithley 6517A electrometer is utilized in addition to the parameter
analyzer.
Electrical cyclic conditioning
The type of electrical conditioning is dependent on the OFET cross section. In the
following, two cyclic conditioning steps are introduced. The first approach is only applied
to OFET samples incorporating a Ca passivation layer on the SiO2 dielectric, while the
second approach is exclusively applied to OFET devices, incorporating an additional
PMMA dielectric exposed to UV radiation in ambient atmosphere.
1. It is demonstrated in section 5.1.4, that the electrical OFET performance of devices
incorporating a Ca passivated SiO2 dielectric can be significantly improved, if
the transistors are exposed to electrical stress in inert N2 atmosphere. The cyclic
conditioning is applied in the electron accumulation mode for the duration of one
hour. During this time frame, the drain voltage is held constant at VD = 80V and
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the gate voltage is pulsed in 5s intervals between VG = 0V and VG = 80V [54].
The pulse diagram for this type of cyclic electrical conditioning is illustrated in
Figure 3.4(a).
2. The cyclic electrical conditioning applied to OFETs incorporating a UV modified
polymer dielectric is conducted by driving the transistor output characteristic for
eight cycles in the electron accumulation mode. For each cycle, the gate voltage is
increased in ∆VG = 20V steps from VG = 0V to VG = 80V. For each step, the drain
voltage is applied by scanning the drain voltage from VD = 0V to VD = 80V and
back to VD = 0V in ∆VD = 1V intervals. The pulse diagram of this conditioning
step is depicted in Figure 3.4(b). The influence of this type of electrical stress with
respect to the transistor performance is delineated in section 5.2.2.
Thermal charging under the influence of an electric field
The influence of a thermal forming step (see section 2.3), on the electrical performance
of an OFET, incorporating a SiO2 / PMMA dual layer dielectric, will be discussed in
detail in chapter 6. In the following, the implemented forming scheme, with regard to
timing and applied field strengths as well as the utilized experimental setup is delineated.
In order to charge the PMMA dielectric in a completed OFET device structure, and
to investigate the influence of the charging on the OFET threshold, different forming
field strengths EForm (FF= -1.34
MV
cm
, -2.01MV
cm
and -2.64MV
cm
) are applied between the
gate electrode and the source-drain contacts. The forming step was conducted at a
temperature of TF = 108
◦C. The process sequence of the subsequent forming steps as
well as the equivalent circuit for the application of the forming fields is illustrated in
Figures 3.5(a) and 3.5(b). The individual forming fields are applied to the transistor for
a duration of 60 minutes. For the first 10 minutes of the forming step, the temperature
is held constant at TF . Subsequently, the temperature is allowed to cool down to room
temperature during a time frame of 50 minutes, while the forming field is held constant
at the respective field strength.
The experimental setup used for the thermal charging is illustrated in Figure 3.6. A
RCT basic Hotplate (IKA Werke) is used as heat source. In order to electrically isolate
the grounded hotplate from the bottom gate of the transistor, a sheet of teflon is placed
on top of the heating surface. The copper block, on top of the teflon sheet, is used to
contact the gate electrode of the transistor, and to gain temperature stability during
the forming step. The temperature of the substrate is obtained by the use of a flat head
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(a) Time sequence of forming temperature and
field.
E =1.34, 2.01, 2.64MV/cmForm
HP4155A
(b) The forming was conducted
in individual forming steps.
Figure 3.5: PMMA dielectric forming setup and equivalent circuit.
type C thermocouple, connected to a multimeter (HGL 3300). After placing the OFET
on top of the copper block, the source-drain electrodes are connected to a HP4155A
Hotplate
Teflon
Copper
block
Sample
Thermo
couple
Temp
Multi-
meter
Figure 3.6: Thermal forming step experimental
setup, excluding the HP4155A parameter analyzer.
parameter analyzer by means of
MH4-B (Cascade Microtech) micro
probes. The gate electrode is con-
nected to the parameter analyzer by
the use of the copper block and an
additonal micro probe. The param-
eter analyzer is utilized to apply the
electric field strength and to record
the displacement current during the
experiment.
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3.3.1 Atomic force microscopy
The atomic force microscopy (AFM) measurements, as discussed in chapter 5.2.1, were
conducted by using an Atomicprobe CP microscope (Park Scientific Instruments) and
NSC11 / 50 cantilevers (MikroMasch) with a respective tip radius and angle of 10nm
and 20◦. All measurements were conducted in air by the use of the non-contact mode. In
order to investigate the AFM images, the software Gwyddion 2.9 (Open Source Software)
was utilized. Prior to the analysis, the images were flattened, to compensate for scanning
artifacts during the measurement.
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3.3.2 Water contact angle measurement
As discussed in chapters 4.2 and 5.2.1, water contact angle measurements were conducted
by the use of a Kru¨ss G10 contact angle measurement system operated in air. The system
includes a G1041 video setup, which can be accessed by the Kru¨ss Drop Shape Analysis
software.
In general, water contact angle measurements are very sensitive with regard to the
experimental conditions. The measurement is dependent on such parameters as water
drop size, measurement time, temperature, adsorbates and surface roughness [71, 72].
However, for the work at hand, the surface roughness of the samples can be neglected,
due to values of < 1µm [73]. To keep the experimental conditions similar for all of the
conducted measurements, the following measurement protocol was followed:
A 0.6µl drop volume of deionized water is deposited onto the sample surface. The
respective measurements are taken 75s after the deposition of the water droplet. The
water contact angle values, as specified in the following chapters, represent the mean
value of two or three measurements per sample. For these measurements, the deviation
in contact angle never exceeded ±3◦.
3.3.3 Layer thickness determination
To obtain the layer thickness of deposited thin films, a Dektak IIa (Veeco) profilometer
as well as a SE850 (Sentech) spectral ellipsometer are utilized in dependence of the in-
vestigated material. Due to the strong interatomic bonds of metals and their resulting
insensitivity to the bearing forces of a profilometer, the Dektak IIa is used for the thick-
ness characterization of metalizations. For organic thin films, however, the interatomic
binding forces of molecular solids are defined by weak van der Waals interaction10, mak-
ing the measurement of the layer thickness by the use of a profilometer prone to errors.
Despite the weak binding forces of small molecule thin films, the Dektak IIa could be
applied for thickness measurements of such layers, as verified using the mechanical force
free spectral ellipsometer. To obtain the layer thickness of polymer thin films, how-
ever, the Sentech spectral ellipsometer had to be applied, in order to avoid significant
measurement errors.
10Van der Waals interaction exhibits binding energies in the order of ≈ 0.1eV [74].
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3.3.4 Photoelectron spectroscopy
In the following section, the basic principles for the understanding of the photoelectron
spectroscopy (PES) measurements, as discussed in chapter 5, are summarized. For
further information, the reader is referred to more in-depth literature [75–77].
The principle of photoelectron spectroscopy is based on the external photoelec-
tric effect, by which photoelectrons are excited to escape the investigated sample using
high energy radiation. For the case of X-Ray photoelectron spectroscopy (XPS), the ra-
diation energy exceeds 1000eV [75]. This type of radiation allows for the photoionisation
of atomic core levels and thereby permits the investigation of the chemical composition
of the sample by an energy discriminative analysis of the emitted photoelectrons. This
is possible, since each element shows a unique set of orbitals with binding energies in
dependence of its chemical environment. The investigated emission spectra are mainly
composed of primary, secondary and Auger electrons emitted from the sample. However,
since this dissertation focuses on the analysis of the chemical composition of the various
samples, a discussion of Auger electrons is neglected in the following. For the case at
hand, primary electrons, which have not experienced an energy loss while leaving the
sample, are the most useful [76] for a chemical analysis. These electrons are responsible
for the distinctive emission lines of the spectrum. The low energy background of the
spectrum is formed by photoelectrons which have experienced energy losses by inelastic
scattering during the emission process, as well as secondary electrons (excited valence
electrons), which are excited by inelastic scattering. Due to the high interaction proba-
bility of electrons with matter, the mean free path length (λm) for photoelectrons, and
therefore the emission of primary photoelectrons, is limited to a few tens of angstroms in
dependence of their kinetic energy11. Photoelectron spectroscopy is therefore a surface
sensitive method.
A photoelectron is able to escape the sample surface for radiation energies hν larger
than its binding energy EVB (k). The binding energy with reference to the vacuum level
of an electron located in core level k is given by the difference in energy between the
atom in its final state (Ef ) and its initial state (Ei) prior to the excitation. However, for
photoelectron spectroscopy on solids, the binding energies of the electrons are generally
measured with respect to the Fermi level (EF ) [75] by determining their kinetic energy
Ekin, using an energy discriminator . Therefore, the binding energy E
F
B can be calculated
in accordance with the following equation.
EFB = hν − Ekin − φs (3.1)
11In general, the photoemission is limited to 3*λm, where 97% of the photoelectrons are attenuated.
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Figure 3.7: Schematic energy level diagram during the photelectron excitation
and detection [78]. The binding energy is measured with respect to the work
function of the spectrometer. A photoelectron has to surpass the energy difference
between the sample and spectrometer work functions (Φspec − Φs).
In this equation φs represents the sample work function. Due to an electrical connection
between the sample and the spectrometer during the measurement, their respective
Fermi levels are aligned. For a possible difference in work function between the sample
and the spectrometer, as indicated in Figure 3.7, the kinetic energy of the photoelectron
is altered by this difference, as defined by equation 3.2.
EFB = hν − Ekin − φs − (φspec − φs) (3.2)
Here, the work function of the spectrometer is represented by φspec. Therefore, the
obtained photoelectron binding energies EFB are independent of the sample work function
and are always measured with regard to the work function of the spectrometer.
The photoemission of an electron produces an atomic final state, that is lacking one
electron compared to its initial state. Therefore, only photo hole state energies can be
obtained by the use of PES. Such final states differ from their neutral ground states, for
example, by the relaxation of the atomic shell, which may lead to a split of distinctive
core level emission lines into dubletts due to spin orbit coupling. This kind of final state
effect is the result of the interaction between spin and angular momentum of unpaired
electrons. The resulting total momentum j is obtained by a superposition of the angular
momentum l and the spin momentum s (j = l±s) [79]. The possible spin orbit coupling
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Orbital l s j = l ± s 2j−+1
2j++1
s 0 1
2
1
2
-
p 1 1
2
1
2
, 3
2
1:2
Table 3.3: Angular (l), spin (s) and total momentum (j) of the atomic s- and
p-orbitals. In addition, the intensity ratio (2j
−+1
2j++1
) for possible dublett states of
photoelectrons is indicated.
for s- and p-orbitals12 is illustrated in Table 3.3. Due to an angular momentum of l =0,
the total momentum of an unpaired electron in the s-orbital always exhibits a value of
j = 1
2
. Therefore, with respect to PE spectra, emission lines, resulting from s-orbitals,
are generally not subject to spin orbit splitting. However, due to an angular momentum
of l = 1 for electrons located in a p-orbital, the total momentum is either given as j = 1
2
or j = 3
2
. This results into a spin orbit splitting of the PE emission lines (dubletts),
with their components being separated by a delta in energy in dependence of the atomic
number. As shown in Table 3.3, the intensity ratio of 1:2 for the respective components
represents the ratio of the number of possible degeneracies for these components.
The analytical power of PES is given by the fact that the measured photoelectron
binding energy is dependent on the chemical environment or oxidation state of the
respective atom. This initial state effect is called a chemical shift and is the result of
a change in the partial charge of the atom, which leads to an in- or decrease in the
photoelectron binding energy. Such changes may be due to the gain or loss of one or
more electrons by oxidation in ionic binding or a partial charge due to the shift in the
charge centroid of a covalent bond between atoms exhibiting a different electronegativity.
Furthermore, the binding energy is influenced by charging effects of the investigated
samples. If the lifetime of the photo hole, caused by the emission of a photoelectron, is in
the order of the measurement time, possibly due to a low conductivity of the investigated
sample, the sample exhibits a positive charge, which influences the binding energy by a
shift to higher values. Such effects are usually observed for the investigation of insulators
or thin films, deposited onto insulating substrates and have to be compensated by an
electron flood gun.
The spectral line width of a photo emission line ∆E is influenced by the natural line
width ∆En of the transition between E
i and Ef , due to the lifetime tn (∆En ∗ tn ≤ ~)
12In general the spin orbit coupling is described by the “L − S” coupling approximation for light
atoms, and by the “j − j” coupling approximation for heavy atoms [79]
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Angle of
Radiation Source E(hν) [eV] Resolution [meV] incidence Θ [◦]
Al Kα Mono 1486.6 < 500 45
Mg Kα Standard 1253.6 < 900 45
Table 3.4: Specifications of the analyzer unit PHI5700 (Physical Electronics).
of the excited photo hole, the spectral line width of the excitation radiation ∆Ep as well
as the resolution ∆Ed of the spectrometer. This is described by the following equation:
∆E(FWHM) =
√
∆E2n +∆E
2
p +∆E
2
d (3.3)
The equipment used for the XPS measurements is the DArmstadt Integrated SYs-
tem for MATerial science, in short DAISY-MAT . This system allows for the sample
preparation, such as the deposition of thin films by PVD as well as the subsequent anal-
ysis of the samples without breaking the UHV (≈ 10−10mbar). The XPS unit PHI5700
(Physical Electronics) contains monochromatized Al Kα and Mg Kα radiation sources
as well as the PHI electron analyzer (spectrometer). The specifications of the analyzer
unit, with respect to the utilized radiation energy, the resulting resolution of the ra-
diation sources in combination with the electron analyzer, as well as its used angle of
incidence perpendicular with regard to the sample are summarized in Table 3.4. To
obtain the electron analyzer work function (φs), which is required for the calculation of
the photoelectron binding energy, as indicated by equation 3.2, the XP-spectrum of a
clean metal sample is obtained, prior to each measurement. By considering the Fermi
edge of the metal sample, the electron analyzer is calibrated with reference to this value.
In the following, the basic principles for the analysis of the obtained PE spectra
are discussed:
• The assignment of photoemission lines to the chemical species of an investigated
sample is obtained by comparing the experimental data to databases such as the
Handbook of X-ray Photoelectron Spectroscopy [76] or the NIST X-ray Photoelec-
tron Spectroscopy online database [80]. Their intensity values are given by the
integrated countrate of an emission line, and are represented in the spectrum by
the peak area enclosed by the emission. The intensities are obtained by first sub-
tracting the background of the spectrum, using a Shirley function [81], and then
by fitting the respective components, using a Voigt function. A Voigt function is
the result of the convolution of a Gaussian and a Lorenzian function. The Gauss
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function represents the emission line broadening, due to the excitation radiation
as well as the spectrometer, whereas the natural line width of the photo hole is
considered by the Lorenzian function. In addition to the determination of the
emission line intensity, this approach allows for the deconvolution of the envelope
curve of several emission lines, located close to each other, e.g. due to a chemical
shift, with respect to their binding energy.
• To quantify the chemical composition of the investigated sample, a method, us-
ing peak area atomic sensitivity factors (S), can be applied to obtain the relative
concentrations of the various constituents. This approach is valid under the as-
sumption of a stochastically homogeneous thin film.
Cx =
nx∑
ni
=
Ix/Sx∑
Ii/Si
(3.4)
The relative concentration of a sample component Cx can be obtained by weighing
its intensity Ix with the respective atomic sensitivity factor Sx (ASF) in relation to
the sum of all weighted sample components (equation 3.4). The atomic sensitivity
factor is, amongst other parameters, dependent on the photoelectric cross-section
of the atomic orbital of interest, as well as an angular efficiency factor with respect
to the angle α between the photon path and the detected electron path 13. The
ASFs used in chapter 5 for carbon and oxygen are C1s = 0.296 and O1s = 0.711.
• Under the assumption of a homogeneous thin film, its layer thickness can be ob-
tained using PES, by considering the following equation:
IdSub
I0Sub
= exp(− d
λm(E)sinΘ
) (3.5)
Here, Θ symbolizes the angle between the horizontal plane of the substrate and
the electron analyzer. Equation 3.5 represents a correlation between the intensity
ISub of the substrate photoemission line, the mean free path length λm(E) of the
photoelectron as well as the thickness d of the deposited thin film. By measuring
the intensity of the substrate emission lines, prior to (I0Sub) and after the deposition
of the investigated thin film (IdSub), its thickness can be derived by conversion of
equation 3.5.
13α = 90◦ for the work at hand
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Chapter 4
Ambipolar/Unipolar OFET charge
carrier transport
As indicated in chapters 2.2.2 and 3.1, the OFET charge carrier transport properties
can be influenced by the dielectric / semiconductor interface or by the choice in source-
drain metalization. In this chapter, it will be argued, how to define the OFET po-
larity as unipolar n- / p-type or ambipolar by the use of an adequate source-drain
metalization. Furthermore, the influence of different polymer gate dielectrics on the
unipolar OFET charge carrier transport will be investigated. For this type of discussion,
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Figure 4.1: Development in OFET pentacene n / h mobil-
ity between 1992 and 2007. The shaded bar represent the
a-Si:H mobility range [3].
a semiconductor, preferably
with balanced ambipolar charge
carrier transport properties, is
essential. In the following, the
organic semiconductor pent-
acene is used as a model semi-
conductor. Even though pent-
acene electron conduction was
demonstrated by Minakata et
al. as early as 1993 by the use
of alkaline metal doping [82],
pentacene was until recently
assumed to exhibit exclusive
intrinsic p-type charge car-
rier transport properties [20].
However, this view was dis-
proved by Meijer et al. (2003,
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[55]), who were able to demonstrate the first electron field effect mobility for pentacene
OFETs. Illustrated in Figure 4.1 are the maximum pentacene charge carrier mobilities,
published for the time span between 1992 and 2007, pertinent to hole as well as elec-
tron transport. The respective references are listed in Table C.2. While at first the
published data for ambipolar charge carrier transport in pentacene was still unbalanced
(µe = 10
−6 cm2
Vs
, µh = 10
−2 cm2
Vs
), Ahles et al. [28,83] succeeded in demonstrating balanced
n- and p-type field effect charge carrier mobilities for pentacene OFETs in the order of
0.1 cm
2
Vs
.
4.1 OFET polarity in dependence of the source/drain
metalization
E[eV]
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LUMO=2.81eV
HOMO =5.01eV
Ca
2.9eV
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5.1eV
Figure 4.2: Work function of Au and Ca
relative to pentacene HOMO / LUMO levels.
The experiments were performed using pent-
acene OFETs, realized on a p++ − Si sub-
strate, comprising a 200nm dry oxide. How-
ever, as demonstrated by section 2.2.2, elec-
tronic states at the dielectric / semiconduc-
tor interface, such as hydroxyl groups 14,
play a vital role with regard to the OFET
charge carrier transport. Therefore, in or-
der to enable both electron and hole charge
carrier transport in pentacene, an additional
PMMA dielectric, without hydroxyl groups
in its chemical structure, is deposited on top of the SiO2 interface (dPMMA = 119nm) [84].
The pentacene layer as well as the source-drain metalization are deposited by PVD with
a respective thickness of 50nm and 100nm. The applied w
l
ratio of the source-drain
metalization is 80. For more information on the standard OFET device structure or
process conditions, the reader is referred to the experimental section (chapter 3.2).
By matching the work function of the source and drain metalization to the HOMO
or LUMO level of the organic semiconductor, as illustrated in Figure 4.2, the polar-
ity of an OFET can be defined as unipolar n- or p-type. This is the consequence of
a low injection barrier for one charge carrier type, while the injection barrier for the
complementary charge carrier type is high. For the case of an Au / pentacene interface,
this translates into an almost ohmic contact for the hole injection into the pentacene
14Hydroxyl groups are available on SiO2 interfaces with an area density of 3− 7 ∗ 1013 1cm2 [29].
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HOMO level as well as a large injection barrier of ≈ 2.3eV for the injection of elec-
trons into the LUMO level of the organic semiconductor. The resulting p-type transfer
characteristic for such an OFET is demonstrated by the open triangle scatter plot, illus-
trated in Figure 4.3. Using this characteristic in the hole accumulation, a hole mobility
value of µh = 1.2 ∗ 10−1 cm2Vs , a threshold voltage of Vth,p = −19.2V as well as an OnOff
ratio of ≈ 104 is derived. The complementary experiment, using a Ca source-drain
metalization, results in a unipolar n-type device, due to the matching of the metal work
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Figure 4.3: Transfer characteristics of pentacene OFETs,
differing only in the source-drain metalization. By match-
ing the metal work function to the respective pentacene
HOMO / LUMO levels, the transistor polarity is defined
as either unipolar n- / p-type or ambipolar.
function to the pentacene
LUMO level and the hence as-
sociated respective low/ high
(≈2.1eV) injection barriers for
electrons / holes. The transfer
characteristic of this device in
the electron accumulation is il-
lustrated by the open dot scat-
ter plot in Figure 4.3. Using
this characteristic, an electron
mobility of µe = 7.8∗10−2 cm2Vs ,
a threshold voltage of Vth,e =
46V as well as an On
Off
ratio of≈
104 is extracted. In addition
to the expected current profile
of the n-type and p-type char-
acteristics, the OFETs exhibit
an increase in drain current
for low gate voltages. This ex-
perimental artifact is the result of a leakage current between the drain and the gate
electrode, as determined by considering the gate leakage current, recorded in parallel to
the measurement.
An ambipolar OFET, where both electrons and holes are injected and transported
in the transistor channel, can be realized by using a Ca source as well as a Au drain
metalization. The transfer characteristic of such a device in the electron accumulation
is illustrated by the filled square scatter plot in Figure 4.3. The ambipolar transfer
characteristic can be described by the extended Shockley equations, as introduced in
chapter 2.2.1. For low gate voltages (|VG,ambi − VD| ≈ |VD| ≥ |Vth,h|), positive charge
carriers are injected into the transistor channel by the Au drain electrode, due to the
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negative potential difference between the gate and the drain contact as well as the
low injection barrier at the Au / pentacene interface. This results in the observed
substantial drain current. However, with an increase in gate voltage, the drain current
is reduced, due to a reduction in potential difference between the drain and the gate
electrode. For VG,ambi, exceeding the threshold voltage for electrons (Vth,n), the electron
injection from the source electrode results once more in an increase in drain current,
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Figure 4.4: Unipolar output characteristics in the hole and
electron accumulation. The filled and open scatter plots repre-
sent the respective unipolar p-type and n-type characteristic of
a Au / Au or Ca / Ca electrode pentacene OFET.
that converges toward the
transfer characteristic of
the unipolar Ca-Ca con-
tact n-type device. The
electron and hole mobility
values, as well as the re-
spective threshold voltages
derived from this transfer
characteristic, are in agree-
ment with the values ob-
tained, using the respec-
tive unipolar current volt-
age characteristics. An
exception is the On
Off
ratio,
which is ill defined for am-
bipolar devices, due to the
conduction of both charge
carrier types in the transis-
tor channel. In contrast to the unipolar devices, no non-conductive state for the ambipo-
lar transistor is obtained. Thus the On
Off
ratio is meaningless. The unipolar n-, p-type
and ambipolar characteristics exhibit a low current hysteresis, which is suggested to be
the result of a low density of energetically shallow charge carrier traps at the dielec-
tric / semiconductor interface. However, the presence of energetically deep traps cannot
be excluded, especially when considering the high threshold voltages for electrons and
holes. Illustrated in Figure 4.4 is the output characteristic of the unipolar n- and p-type
OFETs in the respective electron and hole accumulation modes. These characteristics
support the suggested low injection barrier for holes from Au electrodes and for electrons
from Ca electrodes into the semiconductor. This is deducted from the absence of an
S-shaped current behavior in the linear range of the respective characteristics.
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In this section it was shown, that unipolar n- / p-type or ambipolar pentacene OFETs
can be realized by the choice in source-drain metalization as well as an appropriate gate
insulator. Due to the matching of the metal work function to either the HOMO or
LUMO level of the semiconductor, a respective injection of either holes or electrons can
be achieved. This is the result of a low injection barrier for one charge carrier type, while
the injection of the complementary charge carrier type is blocked by a high injection
barrier. Therefore, by the use of different metals for the source and drain metalization,
an ambipolar OFET can be realized. These conclusions hold true on the condition of an
ambipolar organic semiconductor as well as a gate dielectric, which allows for balanced
charge carrier transport in the semiconductor.
4.2 Influence of different dielectrics on OFET charge
carrier transport
In the following section, the influence of several polymer gate dielectrics, with varying
amounts of oxygen containing polar groups in their repeating chain, is investigated
with regard to unipolar p- and n-type charge carrier transport properties of pentacene
OFETs [44]. The chemical structure of the utilized polymers, which are PS, PC, PMMA,
P4VP and PI are depicted in Figure 3.1. The dielectric constant of the investigated
polymers as well as the respective water contact angles (97◦, 92◦, 81◦, 76◦ and 67◦) are
summarized in Table 3.1.
The OFET structure, used for the following experiments, is the same as described in
section 4.1, however, it differs as to the utilized polymer gate dielectric. The respective
polymer dilutions, as well as the resulting layer thicknesses obtained by spin coating, are
specified in Appendix D (Table D.1). The OFET polarity is defined as either unipolar
p- or n-type by the use of an Au or Ca source-drain metalization.
Depicted in Figure 4.5(a) and Figure 4.5(b) are the OFET threshold charge carrier
density nth and mobility µ for electrons (nth,e,µth,e) and holes (nth,p,µth,p) as a function of
the polymer dielectric contact angle. In the experimental section, the decrease in water
contact angle for the different polymers was suggested to be the result of an increase in
the amount of oxygen containing polar groups in their corresponding monomeric units
and therefore the dielectric interface. The error bar statistic was conducted, utilizing up
to 4 samples out of different production batches. A maximum of 3 OFETs per sample
was considered. The parameters were determined, by using the respective transfer char-
acteristics in the electron and hole accumulation mode. Here, the areal charge carrier
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Figure 4.5: nth and µ in dependence of the water contact angle. For the error bar
statistic up to 4 samples out of different batches were utilized, with a maximum
of 3 OFETs per sample.
density nth is used instead of the threshold voltage Vth, in order to account for differences
in the total device capacitance. The threshold charge carrier density is calculated from
the following equation:
nth = Ctot ∗ |Vth||e| (4.1)
The elementary charge is defined by e and Ctot represents the total device capacitance
of the SiO2 / polymer double layer dielectric.
By considering Figure 4.5(a), an increase in nth,e with a decrease in contact angle
is found, while no clear correlation between a change in contact angle and nth,h is ob-
tained. This is suggested, since a decrease in water contact angle, due to an increase
in oxygen containing polar groups, available at the dielectric interface, is expected to
lead to a broadening of both the HOMO and LUMO DOS of the semiconductor, due
to dipolar disorder [52]. This should result in a degradation of the transistor transport
performance for both electrons and holes. Since, however, only a degradation in nth,e
is obtained, it is suggested, that oxygen containing polar groups, available in the form
of Keto and hydroxyl groups, represent electron traps, energetically positioned in the
band gap of the semiconductor. This is supported in Figure 4.5(b). Here, as for the
case of nth, no clear correlation between the hole mobility µh and available Keto and
hydroxyl groups can be derived, while the electron mobility µe is improved with a de-
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crease in the amount of oxygen containing polar groups at the dielectric interface. The
negative influence of hydroxyl groups on the charge carrier transport seems to be much
stronger than the influence of Keto groups. This is demonstrated for the case of P4VP,
where the presence of one hydroxyl group per monomer unit completely inhibits the
electron charge carrier transport. This is supported by the fact, that PI, which exhibits
a lower contact angle as well as a higher concentration of Keto groups in its monomer
unit when compared to available hydoxyl groups in the monomer unit of P4VP, still
allows for OFET electron transport with a low electron mobility of µe = 3 ∗ 10−4 cm2V s .
The trapping nature of Keto groups, as well as the pronounced electron trapping nature
of hydroxyl groups, is in agreement with the findings of others [29, 43]. However, only
limited information about possible electron trapping mechanisms or energetic trapping
depths for Keto and hydroxyl groups is available. Kadashchuk et. al [43] have estimated
an energetic electron trap depth of 0.64eV for Keto groups, available in a photooxidized
polyfluorene derivative, using thermally stimulated current (TSC) measurements. How-
ever, no trapping mechanism was proposed. As to hydroxyl groups, an electron trapping
mechanism by dissociation of a hydrogen atom has been presented by Chua et al. [29].
Hence, a recharging of a discharged trap should not be possible. However, experimental
evidence, presented in section 5.2.2, indicates, that the discharge process of electrons,
trapped by hydroxyl groups, is reversible, questioning the proposed decomposition of
the OH-groups.
The influence of morphology on the charge carrier transport properties has not been
considered by the discussion so far. While the semiconductor morphology may influence
the OFET transport properties, as observed for the case of holes by Karl et al. [85], the
conducted experiments unveil no clear dependence of the hole mobility on the different
water contact angle values of the investigated dielectrics and hence on potentially chang-
ing pentacene morphologies. Since the influence of the semiconductor morphology is
expected to be similar for the transport properties of electrons and holes, the observed
dependence of the electron mobility is essentially effected by the discussed electronic
states at the dielectric interface.
In this section, the influence of different polymer insulators on the OFET charge
carrier transport properties has been investigated. The experimental results suggest,
that electronic states at the dielectric / semiconductor interface, in the form of Keto or
hydroxyl groups, essentially influence the electron charge carrier transport properties in
pentacene OFETs. However, at the same time, no influence on the hole charge carrier
transport properties could be observed. Therefore the OFET transport properties can
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be selectively influenced by a modification of the charge carrier trap density at the
dielectric / semiconductor interface.
Chapter 5
OFET dielectric interface
engineering
In the previous chapter 4 it was demonstrated, that electronic states at the dielectric
interface play an essential role with respect to OFET charge carrier transport. The given
discussion leads to the question, whether one can modify the organic transistor charge
carrier transport properties using dielectric interface engineering by means of charge
carrier trap introduction or removal from the dielectric interface. In the current chapter,
the effect of Ca traces, deposited on an electron trap aﬄicted SiO2 dielectric interface on
pentacene electron transport, is investigated in detail. The dependence of the pentacene
electron transport on the Ca trace thickness is evaluated and correlated with findings
of X-ray photoelectron spectroscopy (XPS) measurements. The experiments, using Ca
traces, were conducted to remove charge carrier traps from a SiO2 dielectric interface. An
approach to introduce charge carrier traps to an otherwise inert polymer dielectric is also
investigated in detail. The charge carrier traps are introduced to the dielectric interface
by exposure to UV radiation in ambient atmosphere, prior to the device completion.
The effect of the UV irradiation on the dielectric interface is then characterized, using
water contact angle, atomic force and XPS measurements. Finally, the OFETs are
characterized electronically, to examine possible effects of the introduced charge carrier
traps on the OFET characteristic.
5.1 Ca modified Silicon dioxide
The following experiments are conducted, using the standard pentacene OFET device
structure, as described in section 3.2, comprising Ca source-drain electrodes. The investi-
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Figure 5.1: Output and transfer characteristic of a pentacene OFET incorporat-
ing Ca source-drain contacts as well as a SiO2 insulator comprising a 8A˚ Ca layer
at the interface.
gated devices contain a Ca layer of varying thickness, deposited onto the SiO2 dielectric.
This layer will be referred to as Ca interlayer in the following.
Illustrated in Figure 5.1(a) is the output characteristic of such an OFET comprising
a 8A˚ Ca interlayer. Prior to the illustrated measurement, the device has been exposed
to cyclic electrical stress. The purpose of this treatment will be addressed by section
5.1.4. The OFET exhibits exclusive n-type charge carrier transport. The absence of
an s-shaped current increase in the linear range of the characteristic indicates a low
non-linear contact resistance, as expected for Ca source-drain electrodes, due to a good
match of the metal work function (ΦCa = 2.9eV) and the electron affinity of the organic
semiconductor (χPent = 2.81eV). An electron mobility of µe = 0.167
cm2
Vs
, a threshold
voltage of Vth = 36 V as well as an
On
Off
ratio of 105 have been derived, using the
respective transfer characteristic in the forward sweep direction (See arrows in Figure
5.1(b)). This result stands in clear contrast to the current voltage characteristic of a
pentacene OFET without Ca interlayer, but with an otherwise identical device structure.
For such a transistor, no measurable electron current could be obtained. The difference
in the device performance can be understood as the result of charge carrier traps at
the dielectric / semiconductor interface [28], by considering the MIS diode impedance
measurements, as discussed in chapter 2.2.2. By taking the previous chapter 4.2 into
account, these trap states are proposed to be hydroxyl groups, available at the interface
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of the SiO2 dielectric. However, at this stage, the influence of the Ca traces in the
investigated device structure is not clear. In the following sections the influence of
the Ca interlayer thickness on the pentacene OFET n-type transport will therefore be
discussed in detail. Furthermore, the obtained charge carrier transport properties are
correlated with findings of X-ray photoelectron spectroscopy measurements, which were
performed on standard p++ − Si / SiO2 substrates with varying Ca layer thicknesses.
5.1.1 n-type transport in dependence of a Ca modified SiO2
interface
Figure 5.2: a) Pentacene OFET electron mobility
as well as b) electron threshold voltage and OnOff ratio,
as extracted from the electron accumulation in depen-
dence of the Ca interlayer thickness.
In the current section, the n-type
transport for pentacene OFETs is
investigated in dependence of the
Ca interlayer thickness. For this
purpose, the parameters µe, Vth,e as
well as the On
Off
ratio are extracted
from the respective transfer charac-
teristics in the electron accumula-
tion mode. It shall be emphasized,
that the investigated OFETs were
not subject to cyclic electrical or
thermal stress prior to the measure-
ments. Illustrated in Figure 5.2(a)
is the electron mobility in depen-
dence of the Ca interlayer thick-
ness. Below thicknesses of 12A˚, an
enhancement of µe is found with
a maximum obtained value of µe
= 0.028 cm
2
Vs
. For thicknesses ex-
ceeding 12A˚, however, the mobil-
ity degrades until µe almost van-
ishes for thicknesses exceeding 26A˚.
The corresponding threshold volt-
ages and On
Off
ratios are shown in Fig-
ure 5.2(b). The threshold voltage demonstrates an inverse dependence on the interlayer
thickness with an obtained Vth,e minimum of 42.2V at a layer thickness of 8A˚. The trend
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of the On
Off
ratio graph is similar to the trend of the electron mobility with respect to
the Ca passivation thickness. The On
Off
ratio development is the consequence of a change
in the transistor On-current, due to its dependence on the charge carrier mobility as
well the threshold voltage. The Off-current for the investigated devices remains more or
less the same. Both the minimum in threshold voltage as well as the maximum in On
Off
ratio differs by a Ca interlayer thickness of ∆dCa = 4A˚ if compared to the interlayer
thickness for which the maximum in mobility is obtained.
All of the investigated device parameters indicate an improvement in the OFET
charge carrier transport properties up to case dependent Ca interlayer thicknesses of
either 8A˚ or 12A˚. This improvement could be the result of doping, a change in charge
carrier trap density at the dielectric interface, or possibly due to a change in the semi-
conductor morphology. However, the experimental fact, that an increase in Ca layer
thickness first leads to an improvement and then finally results in a degradation of
the electron transport properties is counterintuitive at first. With increasing interlayer
thickness, a metallic layer or possibly metallic percolation paths are expected to form on
the dielectric surface, short circuiting the source-drain electrodes and therefore reducing
the ability to modulate the transistor current by an applied gate voltage. While this
effect should negatively influence the OFET charge carrier transport properties, it is
not expected to reduce the On
Off
ratio by a reduction in the On-current or an increase in
the threshold voltage as observed for the conducted experiments. The expected short
circuit between the source and drain electrodes was only observed for higher nominal
thicknesses of the Ca layer, e.g. for a layer thickness of 250A˚. Thus, for the investigated
range of the Ca interlayer thickness, no metallic percolation path seems to have evolved
between the respective electrodes. In order to investigate, whether the deposition of
Ca onto silicon dioxide influences the suggested interfacial trap states by a chemical
reaction, X-ray photoelectron spectroscopy measurements were conducted, as discussed
in the following section.
5.1.2 XPS interface analysis
The following PES experiments are carried out, using Al Kα radiation, at a sample
analyzer angle of 45◦. For these experiments, the same standard substrates are utilized
as used for the preceding transistor experiments. The substrates consist of p++-Si with
a 200nm dry oxide. To conduct the Ca thickness dependent measurements, the metal
is stepwise deposited in the DAISY-MAT preparation chamber and XPS measurements
are taken, without breaking the ultra high vacuum.
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Figure 5.3: XP-survey spectra on SiO2 for ascending Ca layer thickness.
Illustrated in Figure 5.3 are the XP survey spectra, as recorded after the successive
Ca deposition steps in ascending order. The formal Ca layer thicknesses were calculated
by the use of a calibration measurement, recorded prior to the experiment. As expected,
an attenuation of the substrate emission lines (O1s, Si2s and Si2p) is obtained with an
increase in Ca adsorbate thickness. However, a closed adsorbate layer is only obtained
for Ca layer thicknesses exceeding a formal thickness of 115A˚, as indicated by the com-
plete attenuation of the substrate emission lines. This will be further substantiated, by
considering the Si2p and O1s emission spectra discussed, later in the text. The obtained
C1s emission at a binding energy of 286eV is suggested to be the result of carbohydrate
impurities. However, due to its low intensity, it can be concluded, that the substrate
cleaning step, as described in section 3.2.2, yields sufficiently clean substrate surfaces.
Depicted in Figure 5.4 is the Ca2p core level emission spectrum for different Ca
layer thicknesses in ascending order. As will be discussed at the end of this section15,
15See Figure 5.7
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Figure 5.4: Ca2p emission spectra on SiO2 for ascending Ca layer thickness. The
Ca layer thickness is enhanced in between the respective measurements without
breaking the vacuum. The spectra have been shifted in binding energy relative to
the metallic Ca2p emission at an adsorbate thickness of 235A˚ for better compara-
bility. The as measured binding energy values are illustrated in Figure 5.7.
the spectra have been shifted in binding energy relative to the metallic Ca2p emission
at an adsorbate thickness of 235A˚ for better comparability. The as measured spectra
are illustrated in Appendix B. For an adsorbate thickness of 0.6A˚, Ca2p 3
2
and Ca2p 1
2
,
emission lines were obtained at respective binding energies of 348.5eV and 352eV. With
a further increase in thickness, between 5A˚ and 12A˚, the spectrum begins to develop
new emission shoulders at 346.5eV and 350.2eV as well as an elevated ground level at
high binding energies. For thicknesses exceeding 12A˚, the spectrum evolves a plasmon
emission at a binding energy of 355eV. Up to a thickness of 53A˚, the intensity for all
of the detected emission lines increases, in particular a continuous development of the
adsorbate components at 346.5eV and 350.2eV is observed. These components assume
the typical asymmetric shape of metallic Ca2p 3
2
and Ca2p 1
2
emission lines for adsorbate
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Surface species Ca2p Ca -CaOH -CaO
2p 3
2
2p 1
2
2p 3
2
2p 1
2
2p 3
2
2p 1
2
∆ECa−CaOH, ∆ECa−CaO[eV] [87] - - 1.9 2.2 1.3 1.3
Experimental EBind [eV] 346.5 350.2 348.4 352.4 347.8 351.5
∆E2p 3
2
−2p 1
2
[eV] 3.7 4.0 3.7
Fitted EBind [eV] - - 348.7 352.4 347.9 351.6
Table 5.1: Difference in binding energy between Ca and -CaO, -CaOH in a CaNi5
alloy. Resulting Ca2p -CaO and -CaOH binding energies for Ca on SiO2.
thicknesses exceeding 53A˚ (Metallic Ca2p 3
2
: 347eV [86]). While the metallic character
of the adsorbate is fully developed as of 115A˚, a closed metallic layer is only obtained for
thicknesses exceeding 235A˚. This is indicated by the complete attenuation of the O1s and
Si2p emission lines for Ca interlayer thicknesses of 235A˚, as depicted in Figures 5.6(a)
and 5.6(c). By considering the Ca2p emission spectrum (Figure 5.4) for layer thicknesses
below 115A˚, however, the adsorbate exhibits, in addition to the metallic component, an
oxidized Ca component as identified for binding energy values of 352eV and 348.5eV [76].
With a declining layer thickness, the metallic Ca fraction is continuously reduced until,
for layer thicknesses below 12A˚, the adsorbate is even reasoned to be mainly composed
of oxidized Ca, possibly containing a small metallic fraction. This is concluded from the
first indication of the metallic Ca fraction between adsorbate thicknesses of 5A˚ and 12A˚,
by the development of the described metallic Ca emission line shoulders at 350.2eV and
346.5eV as well as an elevated ground level at higher binding energies.
A detailed analysis of the Ca2p emission spectra shows, that the oxidized Ca compo-
nent in the adsorbate contains calcium oxide (-CaO) as well as Ca hydroxide (-CaOH).
The individual binding energies of the oxide components can be approximated by adding
the difference in binding energies for -CaO and -CaOH, as published with regard to
the metallic Ca emission of CaNi5 alloys [87], to the experimentally obtained metallic
Ca2p 3
2
and Ca2p 1
2
energies. The difference in energy for -CaOH (∆ECa−CaOH) and -CaO
(∆ECa−CaO) as well as the resulting binding energy values EBind for the Ca hydroxide and
oxide components are listed in Table 5.1. A fit using the respective oxidized components
is given in Figure 5.5. Here, the oxidized Ca components are fitted to the Ca2p emission
spectrum for an adsorbate thickness of dCa ≈ 53A˚. In order to obtain a correct fit, the
metallic Ca fraction was subtracted, using the scaled metallic Ca2p emission recorded for
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an adsorbate thickness of 235A˚16. The fit is implemented, using a Voigt function, under
the consideration of an intensity ratio of 1:2 for the respective Ca2p 1
2
and Ca2p 3
2
dublett
states. The split in binding energy for these states is assumed to be constant for both
oxide components (∆E2p 3
2
−2p 1
2
≈ 3.7) . For the fit only, the intensity ratio as well as the
split in binding energies were held constant. All other parameters, such as the binding
energy, the full width half maxiumum of the peaks as well as the intensity values were
Figure 5.5: Ca2p emission spectrum of only the oxi-
dized component for an adsorbate thickness of d=53A˚.
The metallic component has been subtracted using
the scaled Ca2p emission at d=235A˚. The fit exhibit-
ing the closed triangle plot represents the -CaO com-
ponent, while the closed square plot represents the -
CaOH component. The residuum of the fit is given at
the bottom of the graph.
varied. The residuum at the bot-
tom of Figure 5.5 only indicates a
small deviation between the exper-
imental data and the conducted fit.
The respective -CaOH and -CaO
binding energy values obtained by
the fit are summarized in Table 5.1.
Indeed, a good match of these val-
ues to the oxidized Ca binding ener-
gies is obtained by considering the
published data of Selvam et al.
The occurrence of -CaO as well
as -CaOH in the Ca adsorbate is fur-
ther substantiated by considering
the intensity normalized O1s emis-
sion spectrum as illustrated in Fig-
ure 5.6(b). This spectrum is de-
picted for adsorbate thicknesses be-
tween 0A˚ and 53A˚. The binding en-
ergy values of the obtained spectra
have been corrected with respect to the oxygen substrate component (533.3eV) for better
comparability. In addition to the oxygen substrate component, two further components
at binding energy values of 529.2eV and 531.55eV are found, which are enhanced with
increasing adsorbate thickness. These components are identified as Ca oxide and Ca hy-
droxide, using literature values (-CaOH O1s: 531-532eV [76], -CaO O1s: 529.9eV [86]).
Due to the absence of atmospheric oxygen in the UHV (base pressure ≈ 10−10mbar)
of the DAISY-MAT preparation and measurement chambers, the formation of -CaO
and -CaOH for low adsorbate thicknesses can only be the result of an interface reac-
tion between Ca and the SiO2 oxygen components as well as available hydroxyl groups.
16The scaling was conducted by the use of an available IGOR macro.
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The intensity normalized Si2p emission spectrum, depicted in Figure 5.6(d), supports
this suggestion. The binding energy values of the individual spectra have been corrected
with respect to the Si (103.98eV) substrate component. Upon Ca deposition, an emission
shoulder at ≈102eV develops in addition to the Si substrate component. By considering
the Si2p emission line to be subject to a chemical shift of ≈ 1eV per oxidation state [76],
the observed shoulder is ascribed to Si2+ in the reduced SiO2 as the result of the implied
interface reaction with Ca.
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Figure 5.6: O1s and Si2p emission spectra. The spectra have been shifted in
binding energy with respect to the substrate emission line obtained for a Ca thick-
ness of 0A˚, for better comparability. The as measured binding energy values are
illustrated in Figure 5.7. The as measured spectra are illustrated in Appendix B.
The emission spectra of Figures 5.4, 5.6(a), 5.6(c) as well as the intensity normalized
Si2p and O1s emission spectra illustrated in Figures 5.6(d) and 5.6(b) have been shifted
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in binding energy for better comparability. The Ca2p emission spectrum has been shifted
with respect to the 235A˚ metallic Ca2p emission at EBind = 344.94eV, while the Si2p
and O1s emission spectra have been shifted with respect to their individual substrate
emission lines at EBind = 103.98eV and 533.3eV. The as measured binding energy values
of the respective emission spectra are illustrated in Figure 5.7. A ∆EBind of 245eV and
-183.14eV has been added to the respective Si2p 3
2
and O1s binding energy values, in
order to be able to visualize the binding energy trend for the Ca, oxygen and silicon
components in the same Figure.
Up to an adsorbate thickness of 26A˚, the oxidized Ca2p 3
2
adsorbate component shifts
to lower binding energies by a value of ≈ 1.9eV. The observed shift is then reversed
with increasing adsorbate thickness by a value of ≈ 1eV, which seems to be correlated
with the appearance of the distinct metallic Ca2p 3
2
emission. By considering the Si2p 3
2
as well as the O1s substrate components, it is found, that the shift to lower binding
energies for an increase in Ca layer thickness up to dCa = 26A˚ is significantly less
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Figure 5.7: As measured binding energies for the Ca2p,
Si2p and O1s emission lines, in dependence of the Ca adsor-
bate thickness.
than the shift observed for
the oxidized Ca component.
However, the metallic Ca2p 3
2
,
the Si2p 3
2
as well as the O1s
substrate components shift
to higher binding energies
by ∆EBind ≈ 1.5eV for
dCa > 26A˚. While the final
cause for the observed shifts is
not clarified, they are likely to
be the result of charge transfer
effects between the substrate
and the adsorbate, due to the
use of an insulating substrate
(SiO2). It is therefore pro-
posed, that the obtained shift
to lower binding energies of
the oxidized Ca layer, up to
a thickness of 26A˚, is due to a negative charging of the adsorbate by substrate primary
and secondary photoelectrons. The subsequent shift to higher binding energies for all
of the adsorbate and substrate components is suggested to be the result of a final align-
ment in Fermi level between the evolving metallic Ca component and the substrate. This
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leads to a change in electric field across the oxidized Ca layer and therefore explains the
observed loss in photoelectron kinetic energy.
5.1.3 Correlation between transistor performance and PES data
With respect to the investigated OFET electron transport parameters in dependence of
the Ca interlayer thickness, as depicted in Figure 5.2, it was found, that the electrical
transistor parameters improve up to a layer thickness of≈ 12A˚. For interlayer thicknesses
exceeding this value, however, the charge carrier transport properties are significantly
degraded, until they are almost completely impeded for thickness values exceeding ≈
26A˚. By considering the XPS measurements, it is found, that the deposition of Ca on
SiO2 leads to the formation of an oxidized Ca layer, containing -CaOH and -CaO for low
layer thicknesses. This formation of an oxidized Ca layer on top of the SiO2 correlates
well with the improvement in electron charge carrier transport properties up to a Ca
interlayer thickness of ≈ 12A˚. Hence, it is suggested, that this additional dielectric
layer isolates and compensates available electron traps at the dielectric SiO2 interface,
allowing for the realization of n-type pentacene OFETs. Since -CaOH is known for its
ionic binding, it is likely, that Ca atoms donate electrons and thereby neutralize the
available hydroxyl groups on the SiO2 interface, which are suggested to serve as electron
traps by Chua et al. [29]. For Ca adsorbate thicknesses exceeding 12A˚, the degradation
of the OFET electron transport properties correlates well with the first indication of a
metallic fraction in the Ca2p emission spectrum. An almost complete attenuation in the
OFET performance is found for Ca layer thicknesses above 26A˚, in accordance with the
development of the metallic Ca2p 3
2
and Ca2p 1
2
emission lines. Therefore, it seems safe
to conclude, that the increasing presence of a metallic Ca fraction is responsible for the
observed loss in the OFET performance with increasing Ca passivation layer thickness.
A possible explanation of the underlying physics would be, that the metallic fraction
partially screens the electric gate field in the transistor channel and therefore negatively
affects the device parameters.
5.1.4 Influence of thermal and electrical stress on OFET trans-
port properties
In the previous sections it was demonstrated, that n-type pentacene OFETs can be
realized on SiO2 dielectrics, modified by the deposition of a thin Ca layer. Utilizing
X-ray photoelectron spectroscopy, it was substantiated, that this type of charge carrier
transport is due to the formation of an additional Ca oxide dielectric on top of the
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(a) O1s emission spectrum of an unheated sub-
strate.
(b) O1s emission spectrum of a substrate ex-
posed to T=180◦C for the duration of t=1h.
Figure 5.8: O1s emission spectra for an unheated / heated Si p++-Si substrate
with a 200nm thermally grown dry oxide comprising a Ca adsorbate (dCa = 50A˚).
The temper step was conducted in the UHV. Fits to the individual components
of the spectra as well as their error function at the bottom of each spectrum
are illustrated by both Figures. The 5 times magnified residuum indicates the
deviation of the fit to the measurement.
SiO2 insulator for low Ca layer thicknesses. This additional dielectric, containing the
oxide components -CaOH and -CaO, was suggested to cover or eliminate electron traps
available at the SiO2 interface. However, it was also observed that the n-type charge
carrier transport properties are degraded for Ca layer thicknesses exceeding 8A˚-12A˚.
This degradation was ascribed to the formation of a metallic component in the oxidized
Ca layer. In the following, the influence of thermal and electrical stress with respect to
the constitution of the Ca layer as well as the influence of the applied stress om OFET
charge carrier transport properties is discussed.
For these experiments, a standard substrate (p++ − Si / SiO2) is covered with a
50A˚ thick Ca layer in the preparation chamber of the DAISY-MAT and subsequently
annealed at T = 180◦C for the duration of t = 1h, without breaking the vacuum. The
PES investigation was conducted, using Al Kα radiation at a sample analyzer angle of
45◦. The findings of these measurements prior to and after the substrate annealing are
correlated with the transport properties obtained for OFETs, exposed to either ther-
mal stress during their production process or cyclic electrical stress. The investigated
OFETs are realized using the standard OFET device structure, as discussed in section
3.2, comprising a Ca interlayer of varying thickness (dCa = 0A˚-26A˚) between the SiO2
and pentacene layers. The source-drain metalization is chosen as either Ca or Au.
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XPS annealing experiment
Illustrated in Figure 5.8(a) is the O1s emission spectrum of the p++ − Si/SiO2 sub-
strate, comprising a dCa = 50A˚ thick Ca layer. The spectrum was obtained prior to the
temperature treatment of the sample. As already elaborated in section 5.1.2, the spec-
trum yields, in addition to the O1s substrate component at a binding energy value of
532.94eV, the oxidized Ca components -CaOH and -CaO at respective binding energies
of 530.63eV and 528.45eV. Depicted in Figure 5.8(b) is the O1s emission spectrum of
the same sample in its annealed state. A pronounced relative intensity increase for the
oxidized Ca components with regard to the oxygen substrate component is obtained,
if compared to the respective oxygen components, as discussed for the unheated sam-
ple. According to the fits presented in Figures 5.8(a) and 5.8(b), the area fraction of
the -CaOH component is enhanced from a value of 16.18% up to 45.24%, and the area
fraction of the -CaO component is enhanced from 5.57% up to a value of 14.23%. This
approximation is valid under the assumption that the total amount of oxygen, available
in the substrate, remains constant during the annealing step. The utilized fit parameters
for the applied Voigt function, after the subtraction of the inelastic background, using
a Shirley function [81], as well as the individual area fractions are summarized in Table
5.2. The residuum at the bottom of each Figure represents the deviation of the fits with
respect to the measurement. This experimental result implies, that the discussed Ca
oxidation reaction for thin films deposited onto SiO2 is promoted by heat, reducing the
metallic content in the Ca layer.
Substrate unheated Substrate annealed
O1s BE FWHM area BE FWHM area
component [eV] [eV] fraction[%] [eV] [eV] fraction[%]
Substrate
Component 532.94 1.16 78.25 533.1 1.37 40.53
-COH 530.63 1.55 16.18 530.87 2.38 45.24
-CO 528.45 1.05 5.57 529.2 1.11 14.23
Table 5.2: Oxygen components for a p++ − Si / SiO2(200nm) substrate compris-
ing a dCa = 8A˚ Ca layer in its unheated and annealed state. The substrate was
annealed at T = 180◦C for the duration of t = 1h.
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OFET annealing experiments
In the previous section was shown, that a metallic fraction in the Ca interlayer has a
negative effect on the charge carrier transport. In the following it is therefore investi-
gated, whether the heat induced enhancement of the oxidation reaction has any effect on
the transistor operation. For this experiment, the standard OFET architecture, using
a p++ − Si / SiO2(200nm) substrate passivated by a 8A˚ thick Ca layer, was utilized.
However, after the pentacene deposition and prior to the deposition of the Ca source-
drain contacts, the substrates were exposed to an annealing step on a hot plate in inert
N2 atmosphere for the duration of 1h at different temperatures. For the annealing,
temperatures of 100◦C, 140◦C and 160◦C were applied.
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Figure 5.9: Electron mobility and threshold voltage (at RT) for
OFETs comprising a dCa = 8A˚ Ca passivation layer, in depen-
dence of different annealing temperatures during the production
process. The annealing was conducted in inert N2 atmosphere for
the duration of t=1h.
The influence of the
different annealing steps
with regard to the OFET
electron charge carrier
mobility and threshold
voltage is illustrated in
Figure 5.9. The demon-
strated values were ex-
tracted, using the re-
spective transfer charac-
teristics in the electron
accumulation mode at
room temperature. Up
to an annealing temper-
ature of Ta = 100
◦C,
the electron mobility re-
mains almost constant,
while Vth,e is already sig-
nificantly reduced from
42 V to 33 V. A further increase in the annealing temperature, up to a value of Ta
= 160◦C, leads to a drastic decrease for Vth,e (19 V) as well as to a steep increase in
the electron mobility µe, up to a value of 0.13
cm2
Vs
. The On
Off
ratio dependence evolves in
accordance with the electron mobility. This parameter is improved from 7.5 ∗ 103 for
the pristine device, up to a value of 8.8 ∗ 105 for the OFET exposed to an annealing
temperature of Ta = 160
◦C.
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The observed improvement in device performance is most probable due to the demon-
strated enhanced Ca oxidation reaction or heat induced morphology changes. To rule
out a parameter improvement, due to morphology changes of the organic semiconductor
during the substrate annealing, a temper experiment, using a pentacene p-type OFET
with an Au source-drain metalization and a pristine SiO2 / pentacene interface was
conducted. For this experiment, the OFET was characterized in its pristine state and
subsequently annealed on a hotplate at Ta = 160
◦C in N2 atmosphere for the duration of
1h. The successive characterization was conducted at room temperature. Even though
this experiment yields only information on p-type charge carrier transport, heat induced
morphological changes should influence hole charge carrier transport properties compa-
rable to those of electrons. This is implied, since a change in morphological order would
similarly influence the overlap in pi-orbitals, contributing to the HOMO as well as the
LUMO transport levels, as discussed in section 2.1. The extracted device parameters,
prior to and after the conducted annealing step, are summarized in Table 5.3. Due to
the annealing of the OFET, the charge carrier mobility is reduced by a factor of 2, while
the On
Off
ratio is reduced by one order of magnitude. Taking into account the observed
negative impact of the heat treatment at Ta = 160
◦C on the hole transport properties,
it is suggested, that the morphological order of the semiconductor layer, and therefore
the pi − pi overlap in the transport direction, is degraded by the annealing.
Considering the discussed results, it is conjectured, that the observed improvement
in the n-type charge carrier transport for annealed OFETs, comprising a Ca interlayer,
is not dominated by morphology changes, but is rather a result of the discussed heat
induced Ca oxidation reaction. Furthermore it is implied, that possible changes in the
semiconductor morphology, as well as the observed enhancement in oxidation reaction
of the Ca passivation layer, are competitive processes with respect to the OFET charge
carrier transport. This suggests, that the n-type charge carrier transport properties
could be further enhanced by an improvement in the Ca oxidation reaction, without the
negative influence of a degraded pentacene morphology.
Temper State µh[
cm2
Vs
] Vth,h [V]
On
Off
Pristine 0.2 -0.3 ≈ 104
Tempered@160◦C 0.1 7.2 ≈ 103
Table 5.3: p-type pentacene OFET charge carrier transport parameters at RT.
The values were extracted prior to and after an annealing step at T=160◦C for the
duration of t=1h.
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OFETs exposed to cyclic electrical stress
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Figure 5.10: Improvement in ID for an n-type OFET
comprising a 8A˚ passsivated SiO2 dielectric, during the
described electrical cyclic conditioning step.
It was demonstrated by Ahles
et al. [28], that the n-type pent-
acene OFET performance for de-
vices comprising an oxidized Ca
interlayer, as well as a Ca source-
drain metalization, can be sig-
nificantly improved by exposing
the transistors to cyclic electrical
stress in a nitrogen atmosphere.
For such a device conditioning,
the gate voltage VG is pulsed
between 0 and 80V in 5s inter-
vals for the duration of 1h, while
a constant drain voltage of VD
= 80V is applied. Depicted in
Figure 5.10 is the improvement
in drain current for an n-type
OFET, comprising a 8A˚ Ca interlayer, during the electrical cyclic conditioning step.
A continuous improvement in drain current from ≈ 15µA to ≈ 65µA, with an indicated
saturation of the drain current at the end of the cyclic conditioning, is obtained. The ir-
reversible improvement in device performance is not limited to the transistor On-current,
but also positively affects such parameters as electron mobility, threshold voltage and
On
Off
ratio. The improved device parameters are summarized in Table 5.4, in compari-
son to the parameters obtained for an unconditioned transistor and an annealed OFET,
both comprising a 8A˚ Ca passivated SiO2. By comparing the electrical cyclic condi-
Conditioning µe[
cm2
Vs
] Vth,e [V]
On
Off
Pristine 0.017 42.2 ≈ 104
El. Cyclic Cond. 0.167 36.0 ≈ 105
Tempered@160◦C 0.14 17.0 ≈ 105
Table 5.4: Comparison in OFET charge carrier transport parameters for devices
containing a 8A˚ Ca passivation layer in their pristine, electrical cyclic conditioned
and annealed state.
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tioned OFET to the unconditioned device, an improvement in electron mobility as well
as the On
Off
ratio by approximately one order of magnitude is obtained, while the electron
threshold voltage is reduced by a value of about 6V. Furthermore it can be seen, that a
transistor, exposed to the cyclic electrical stress, exhibits a comparable improvement in
OFET device parameters as obtained for a transistor exposed to the discussed annealing
step at a temperature of T = 160◦C. However, as indicated in Table 5.4, the threshold
voltages for electrical conditioned and annealed OFETs differ in the obtained minimum
value by ∆Vth,e ≈ 19V.
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Figure 5.11: Comparison of the output characteristics
for pentacene OFETs comprising a 8A˚ Ca interlayer in
their pristine, annealed (t= 1h at Ta = 160◦C) and electri-
cally cyclic conditioned state. Furthermore the character-
istic for an OFET comprising a pristine SiO2 / pentacene
interface is illustrated.
While the origin of the heat
induced improvement in OFET
parameters for Ca passivated
devices seems to be clarified,
the reason for the performance
improvement of OFETs, condi-
tioned by the cyclic electrical
stress, still requires discussion.
Illustrated in Figure 5.11 are
the output characteristics for a
pristine and an annealed (1h at
Ta = 160
◦C) OFET. Both tran-
sistors contain an 8A˚ thick Ca
interlayer. As expected, the cur-
rent voltage characteristic of the
pristine OFET could be signifi-
cantly improved by the electrical
cyclic conditioning. As already
indicated by the device parame-
ters summarized in Table 5.4, the
improved drain current for the OFET, exposed to electrical stress, is comparable to the
improved current obtained for the annealed OFET. However, an additional electrical con-
ditioning of the already thermally annealed device does not yield a further significant
device improvement. It is therefore suggested, that both the electric cyclic conditioning
as well as the annealing rely on the same device changes, namely an enhanced oxidation
reaction of the Ca interlayer.
The improvement of the OFET performance, in dependence of the Ca layer thickness,
is summarized in Figures 5.12(a) and 5.12(b). Depicted in Figure 5.12(a) is the devel-
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(a) Electron mobility for OFETs in their pris-
tine and electrical cyclic conditioned state.
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(b) Vth,e and OnOff ratio for OFETs in their elec-
trical cyclic conditioned state.
Figure 5.12: OFET charge carrier transport parameters in dependence of the Ca
passivation thickness.
opment of the electron mobility for OFETs in their prisitine and their electrically cyclic
conditioned state. Illustrated in Figure 5.12(b) are the improved threshold voltage and
On
Off
ratio values. The improvement in OFET device performance, due to the enhanced
oxidation reaction, is discriminative for different Ca layer thicknesses. For thicknesses
below ≈ 12A˚, the device parameters improve stronger with increasing Ca layer thickness.
This means, that the SiO2 surface is covered more and more with oxidized Ca, thereby
reducing the impact of the electron traps on the device performance. On the other hand,
the metallic fraction in the layer is also increased, which negatively influences the device
improvement. Since in this thickness range the metallic Ca fraction of the layer may still
be small enough to be fully oxidized during the promoted oxidation reaction, the posi-
tive influence of the Ca passivation prevails. For thicknesses exceeding 12 A˚, however,
the influence of the metallic Ca becomes strongly visible. In this range, the metallic Ca
fraction is no longer sufficiently oxidized by the cyclic electrical or heat treatment steps,
leading to a substantial metallic fraction in the CaO-layer. Therefore, a further increase
in Ca layer thicknesses does not result in the desired improvement.
In the previous section it was demonstrated, that n-type charge carrier transport can
be realized for pentacene OFETs comprising a SiO2 dielectric, as long as the insulator
surface is modified by the deposition of Ca traces. This result is in accordance with
data published by Ahles et al. [28]. Furthermore, it was substantiated, that the n-
type OFET performance is strongly dependent on the Ca interlayer thickness. An
increase in the OFET performance is obtained up to thickness values between dCa = 8 -
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12A˚. However, for thicknesses exceeding this range, a degradation in the OFET n-type
performance is found, until it is almost completely inhibited for Ca trace thicknesses
above dCa = 26A˚. The improvement in transistor performance could be linked to the
formation of an oxidized Ca layer on top of the SiO2 insulator, and thus isolating or
compensating available charge carrier traps at the dielectric surface. The obtained
degradation in n-type performance for a Ca layer thickness exceeding dCa = 12A˚ was
concluded to be the result of the formation of a metallic Ca fraction in the oxidized
Ca layer. The almost completely inhibited n-type performance for Ca layer thicknesses
exceeding dCa = 26A˚ is therefore conjectured to result from the metallic character of
the interlayer. Finally it was demonstrated, that the n-type performance of such OFET
devices can be significantly improved, if the oxidation reaction of the deposited Ca layer
is enhanced. This can be achieved by exposing the OFETs to thermal stress during their
production process, or by applying a cyclic electrical conditioning step to the completed
devices.
5.2 UV modified Polymethylmetacrylate
In chapter 4, the influence of trap states at the dielectric interface with regard to OFET
charge carrier transport properties was discussed. Furthermore, in the first section of
chapter 5, a possibility was investigated by which such electronic states, available on
SiO2 dielectric interfaces in the form of hydroxyl groups, can be covered or annihilated by
using traces of Ca. In the current section it will be demonstrated, that the introduction
of charge carrier traps to polymer dielectric interfaces can be used to change the OFET
polarity from unipolar n-type to unipolar p-type.
5.2.1 Introduction of charge carrier traps on PMMA
In order to introduce electronic trap states to a PMMA interface, the insulators are
irradiated, using UV radiation in ambient atmosphere. The UV irradiation of PMMA
results in the formation of keto and hydroxyl groups in the polymer near surface layer [61,
63,88]. Such functional groups are suggested to negatively influence or even completely
inhibit the n-type pentacene OFET charge carrier transport, as described in chapter 4.2.
However, prior to considering the impact of UV irradiated PMMA dielectrics on the
pentacene OFET performance, the interface properties and the chemical composition
of pristine and UV modified thin films are investigated, using water contact and XPS
measurements. Furthermore, possible changes in the pentacene topography for thin
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(a) Topography of a PMMA layer in its pristine
state.
(b) Topography of a PMMA layer UV irradiated
in ambient atmosphere for t = 10min.
Figure 5.13: Comparison in PMMA topography for a pristine and UV irradiated
layer deposited on SiO2.
films deposited onto pristine and UV modified PMMA substrates are examined by using
atomic force microscopy .
Interface analysis
The samples, which are investigated in the following, are prepared, using the standard
p++ − Si / SiO2 substrates, on top of which a ≈ 119nm PMMA layer is deposited by
spin coating, using a 2%wt THF solution. The exact process parameters / dilutions
are listed in Appendix D. Selected samples are then irradiated by UV radiation in
ambient atmosphere for a time period between 2 and 15 minutes, using wavelengths
of 254 and 185nm with a respective intensity of 15mW
cm2
and 1.5mW
cm2
. To stabilize the
radiation intensity, the utilized ozone reactor is preheated prior to the exposure for a
time frame of 10 minutes.
Illustrated in Figures 5.13(a) and 5.13(b) are the respective AFM measurements of
a pristine and a UV modified PMMA layer, recorded in air. The UV exposure was
conducted for a time frame of t = 10 minutes. The micrographs were obtained in the
non contact mode and measured for an area of 2 x 2µm2. The surface roughness of the
investigated samples was derived, excluding large defects, which are most likely caused
by substrate impurities. For both samples a rms roughness value of Rq < 1nm was
obtained. The UV modified sample exhibited a roughness of Rq ≈ 0.26nm, which is
lower than the value obtained for the pristine sample with Rq ≈ 0.36nm. However,
since the vertical resolution of an AFM, operated in air, is limited to ≈ 1nm, due to
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adsorbates such as water, it is concluded, that the surface roughness remains unchanged
during the UV exposure.
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Figure 5.14: Water contact angle for PMMA in depen-
dence of the UV exposure time.
While the surface roughness
of the PMMA thin films stays be-
low 1nm during the UV exposure,
the water contact angle (CA) is
significantly affected. Depicted
in Figure 5.14 is the water con-
tact angle for PMMA thin films
in dependence of their UV expo-
sure time. For its pristine state,
the PMMA layer exhibits a con-
tact angle of 80◦, which is de-
graded during the investigated ir-
radiation time down to a value
of 30◦. The largest degradation
in contact angle seems to occur
during the first 5 minutes of the
exposure, where the contact angle is degraded by 40◦. A further increase in exposure
time by 10 minutes leads to an additional degradation in the CA of only 10◦. This
indicates, that the interface reactions, leading to the degradation in CA, are more or
less finalized during the first 10 minutes of the UV exposure. The obtained degradation
in CA is interpreted as an increase in oxygen containing polar groups in the near surface
layer of the polymer, due to photooxidation [59]. This is suggested, since the surface
roughness stays below 1nm during the investigation, and the experimental parameters
as well as the ambient conditions remained the same for the respective measurements.
The photooxidation is assumed to be the result of different reaction mechanisms between
oxygen and molecular radicals.
To further quantify the photooxidation process during the UV exposure, oxygen con-
taining components, available at the surface of pristine and irradiated PMMA dielectrics
(10 minutes), were investigated, using PES. The measurements were conducted, utilizing
MgKα radiation at a sample analyzer angle of 45◦. The standard p++ − Si / SiO2 sub-
strates were employed, in order not to influence the film forming properties of PMMA.
To reduce substrate charging effects during the PES investigation, a reduced dielectric
thickness of 100nm was chosen.
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(a) O1s emission spectrum. (b) C1s emission spectrum.
Figure 5.15: Area normalized O1s and C1s emission spectra of PMMA and UV
modified PMMA.
The result of the PES investigation is illustrated in Figures 5.15(a) and 5.15(b) in the
form of an area normalized O1s and C1s emission spectrum for PMMA in its pristine
(straight line) and UV modified state (filled square scatter plot). For better compara-
bility, all of the spectra have been normalized to an area of one after the removal of the
inelastic background, using a Shirley function [81].
By first considering the O1s emission obtained for the pristine PMMA sample, it
is clearly visible, that the emission line is composed of two components of almost
equal intensity. Due to the UV irradiation step, however, the relative intensity of
the oxygen component at lower binding energies is significantly increased, leading to
a change in the form of the O1s emission as well as a shift of its maximum to lower
binding energies. The shape of the C1s emission spectra, depicted in Figure 5.15(b),
Figure 5.16: PMMA chemical
structure O=C is marked by a), and
O-C is marked by b)
indicates the presence of several carbon components
in the chemical structure of the investigated PMMA
thin films. Due to the UV exposure, the relative
intensity of the carbon component at 291eV is de-
creased, while a relative increase in intensity of the
C1s emission at a binding energy of 289eV is ob-
served.
By considering the PMMA chemical structure, il-
lustrated in Figure 5.16, as well as data published
by others (O=C O1s: 532.2eV; O-C O1s: 533.7eV
[59, 61]), the oxygen components indicated by the
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Figure 5.17: O1s PMMA emission lines, recorded using Mg Kα radiation at a
sample / analyzer angle of 45◦. The error graph at the bottom of each figure
indicates the deviation between experimental data and the conducted fit.
O1s emission can be ascribed to O=C and O-C components at respective binding en-
ergies of 533.6eV - 533.75eV (a) and 535.15eV - 535.2eV (b). These values have been
extracted, using fits to the respective O1s emission lines of the pristine and irradiated
sample, as illustrated in Figures 5.17(a) and 5.17(b). The fits have been obtained, uti-
lizing a Voigt function, and show a very good agreement with the experimental data.
The residuum illustrated at the bottom of each figure indicates the deviation of the fit
from the experimental data. All of the parameters extracted from these fits are summa-
rized in Table 5.5. The observed difference in binding energy of ≈ 1.2eV - 1.5eV, with
respect to the oxygen component binding energy values published by Hozumi et al. [59],
is ascribed to a positive charging of the substrate during the measurement.
As expected for the pristine sample, due to the PMMA chemical composition, the
area fraction of the individual oxygen components is almost equal at 45.3% (O-C) and
44.6% (O=C) with a difference, however, to the theoretical value of 50% by ≈ 5% for
both oxygen components. This discrepancy is suggested to be the result of inaccuracies
in the fit, due to the inelastic background removal using the Shirley method [81].
The deconvolution of the O1s emission spectrum, obtained for the UV modified sam-
ple, is conducted by assuming, that the line width used for the O1s core level components
of the pristine sample remains unchanged. For this fit, only the intensity and binding
energy values are varied. The fit yields a pronounced relative increase in area fraction of
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PMMA pristine PMMA UV
modified(10min.)
O1s BE FWHM area BE FWHM area ∆area
components [eV] [eV] frac. [%] [eV] [eV] frac.[%] frac.
a) O=C 533.55 1.58 44.61 533.69 1.58 52.5 +7.89 %
b) O-C 535.15 1.6 45.34 535.07 1.6 39.66 -5.68 %
% C 71.56 70.8
% O 28.44 29.2
O/C 0.398 0.412
Table 5.5: Fit parameters for the deconvoluted O1s emission spectra, as well
as the carbon and oxygen concentration for PMMA after and prior to the UV
irradiation for 10min. in ambient atmosphere.
the O=C component by 7.89%, while the area fraction of the O-C component is reduced
by 5.68%
Taking the intensity of the respective oxygen and carbon emissions for the pristine and
UV modified samples into account, as well as the atomic sensitivity factors SO = 0.711
and SC = 0.296 for oxygen and carbon [76], an increase in the substrate oxygen concen-
tration by ≈0.76% is obtained, due to the UV exposure, while the carbon concentration
is reduced by the same amount. These values are derived, using equation 3.4, under the
assumption, that the change in PMMA stochiometry is homogeneous for the entire sam-
ple interface. The obtained result is in line with work conducted by Hozumi et al. [63],
who have performed a similar PES experiment on pristine and UV modified PMMA
samples. Even though the increase in oxygen concentration is small, it appears, that
oxygen is incorporated into the PMMA layer during the UV exposure by photooxida-
tion. As a result of the pronounced relative increase in Keto groups, an incorporation of
oxygen into the PMMA layer is most likley, due to an absolute increase in O=C groups.
So far, the discussion implies an increase in oxygen containing polar groups in the
near surface layer of UV irradiated PMMA insulators, due to an increase in keto groups.
However, the expected formation of hydroxyl groups at the dielectric interface could not
be demonstrated by the conducted XPS measurements, owing to the limited resolution
of the equipment. The difference in binding energy between O-C and O-H could not be
resolved, since the difference in electro negativity between carbon (∆EN = 2.5) and
hydrogen (∆EN = 2.2) is only 0.3 [59, 89]. To account for the formation of hydroxyl
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Figure 5.18: Reaction mechanism in the PMMA near surface layer leading to
the formation of hydroxyl groups during UV irradiation, as suggested by Wei et
al. [61].
groups in the PMMA near surface layer during the UV modification, a publication
by Wei et al. [61] is considered. Here, a similar UV modification of selected PMMA
substrates was conducted for a time frame of 30 minutes in ambient atmosphere, prior
to an XPS analysis. As for the experiments described above, a radiation wavelength of
254nm with an optical power of 15mW
cm2
was utilized. In order to obtain an indication for
the formation of hydroxyl groups by PES, Wei et al. exposed their samples to Tl(OEt),
which selectively reacted with available -OH groups to form -OTl. Due to the difference
in electro negativity between thallium (∆EN = 1.4) and carbon (∆EN = 2.5)
of 1.1, the formation of -OTl groups in the O1s emission spectrum could be detected.
Indeed, by comparing UV modified and pristine PMMA samples, a significant relative
increase in -OTl could be substantiated for the UV exposed substrates, indicating the
formation of hydroxyl groups in a near surface layer of the polymer film. The proposed
reaction mechanism for the formation of -OH is schematically illustrated in Figure 5.18,
suggesting the increase to be the result of a carboxylic acid formation in the PMMA
side chain. Here methyl and carboxyl radicals are formed during the UV irradiation,
leading to a reaction with atmospheric water to yield methane and the polymer bound
carboxylic acid. In accordance with the work at hand, Wei et al. observed, in addition to
the relative increase in -OH, the same relative increase in the O=C oxygen component
with respect to the O-C component. This is suggested to be the result of an ester
side chain scission in the PMMA repeating chain. Since both reaction mechanisms are
expected to occur simultaneously, it is suggested, that the conducted UV exposure of
PMMA leads to a formation of hydroxyl groups in the polymer near surface layer.
Influence on pentacene topography
In the following, the influence of UV irradiated PMMA insulators on the pentacene
topography is investigated, using non contact atomic force microscopy. For this compar-
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(a) Pentacene on pristine PMMA. (b) Pentacene on UV irradiated PMMA
(t=5min.).
(c) Pentacene on UV irradiated PMMA
(t=10min.). Lines 1 and 2 represent profile lines
depicted in Figure 5.20.
(d) Pentacene on SiO2.
Figure 5.19: AFM micrographs of pentacene deposited onto different dielectric
layers, obtained in the non contact mode.
ative study, a 50nm pentacene layer is deposited onto pristine SiO2 and PMMA layers
as well as onto PMMA thin films, exposed to UV radiation for respective times of 5 and
10 minutes. The deposition onto room temperature substrates was conducted, using
physical vapor deposition (PVD) at a rate of 2 A˚
s
as well as a chamber base pressure
below 10−6mbar.
The 2 x 2µm2 micrographs of these measurements are illustrated in Figures 5.19(a)-
5.19(d), with the extracted data being summarized in Table 5.6. Considering the topog-
raphy of the samples, it is found, that the pentacene crystallite form changes from a
dendritical to a spherical structure with increasing PMMA UV exposure time. This coin-
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PMMA PMMA PMMA SiO2
Substrate characteristica
UV exposure [min.] 0 5 10 -
Contact angle [◦] 81 41 35 36
Rms roughness [nm] 0.3 0.3 0.3 0.4
Pentacene morphology
Grain form Dendritical Dendritical Spherical Dendritical
Grain size [nm] 499 407 143 488
Rms roughness [nm] 8.38 7.27 14.93 7.33
Median deviation [nm] -26.66 -20.79 -49.92 -22.15
Table 5.6: Summary of the data extracted from the interface analysis of SiO2,
PMMA and Pentacene, as discussed in section 5.2.1.
cides with a decrease in pentacene grain size17 average from ≈ 499nm for pristine PMMA
down to an average of ≈ 143nm for PMMA exposed to 10 minutes of UV radiation. The
observation is accompanied with an increase in rms roughness from Rq = 8.38nm up to
a value of Rq = 14.93nm. In part responsible for this increase in surface roughness is the
deviation of the pentacene layer profile with respect to its median of at least -20.79nm
for all of the investigated samples, as summarized in Table 5.6. Pentacene thin films
deposited onto 10 minute UV irradiated PMMA samples even deviate by almost 50nm,
Figure 5.20: Pentacene profile of the profile
lines indicated in Figure 5.19(c)
which is in the order of the layer thick-
ness. This is emphasized in Figure 5.20,
illustrating line scans of the pentacene to-
pography, as derived using Figure 5.19(c)
along the indicated profile lines one and
two. By taking the standard OFET top
contact device structure into account, it
can be concluded, that no planar source-
drain metalization / pentacene interface
is given.
In general, when only considering
pentacene-substrate interaction, the pent-
acene growth depends on interface rough-
ness [67, 90] and has also been indicated
17Here the largest axis of the respective pentacene grains is considered as the grain size.
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to be influenced by the substrate polarity [67,91]. However, due to an obtained PMMA
surface roughness of Rq < 1nm for pristine and UV modified thin films, the observed
changes in the pentacene topography cannot be ascribed to this parameter as substan-
tiated by Shin et al. [90]. By taking the decrease in water contact angle with increasing
UV exposure time into account, it seems possible to correlate the obtained pentacene
topography changes with an increase in substrate polarity. However, by considering the
pentacene topography obtained on top of a SiO2 dielectric, as depicted in Figure 5.19(d),
this approach appears to be invalid. This is concluded, since the pentacene topography
on top of SiO2 is similar to the topography obtained on top of pristine PMMA sam-
ples, while the surface roughness and contact values for pristine SiO2 and 10 minute UV
exposed PMMA substrates yield the same values (rms < 0.4nm, CASiO2 ≈ 36◦). Pos-
sibly, the changes in the pentacene topography can be ascribed to the formation of low
molecular weight ashes on the PMMA surface during the photooxidation process [61,92].
In the current subsection, the influence of UV irradiation in ambient atmosphere
on PMMA interface properties was investigated. It could be substantiated, that the
interface roughness of PMMA is not influenced by the UV exposure, while the water
contact angle is significantly degraded from 80◦, down to a value of 30◦, during a UV
exposure time of 15 minutes. The degradation in water contact angle is suggested
to be the result of an increase in oxygen containing polar groups in the PMMA near
surface layer, due to photooxidation. These polar groups could be identified as keto and
hydroxyl groups, using the result of PES measurements in accordance with literature [61].
Furthermore, it could be demonstrated, that the topography of pentacene thin films
deposited onto UV modified PMMA layers is significantly influenced by the exposure
time of the PMMA layer. With increasing PMMA irradiation time, the pentacene
topography is changed from a large grained dendritical structure for pristine PMMA
layers to small grained spheres. The topography of pentacene layers deposited onto UV
modified thin films exhibit large cavities, with depths corresponding to almost the entire
layer thickness.
5.2.2 Influence of UVmodified PMMA gate dielectrics on OFET
transport properties
In the preceding subsections, it could be reasoned, that the UV irradiation of PMMA
leads to the formation of keto as well as hydroxyl groups in a near surface layer of the
dielectric without changes in the interface roughness (Rq < 1nm). In accordance with
literature [29,43], such functional groups have been demonstrated to represent electron
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(b) Output current voltage characteristic in
the electron accumulation during the the elec-
trical cyclic conditioning step at VG=0V.
Figure 5.21: Output characteristic for a pentacene OFET comprising a UV
modified PMMA dielectric in its pristine and electrical cyclic conditioned state.
traps for pentacene charge carrier transport. In the following subsection, the influence
of a UV modified PMMA dielectric interface on the OFET charge carrier transport is
explored. For this investigation, ≈ 119nm thick films of PMMA are deposited onto
the standard p++ − Si / SiO2 substrates by spin coating, using a 2%wt THF solution.
Subsequently, the PMMA layer is UV irradiated for 10 minutes in ambient atmosphere.
A 50nm pentacene layer is then deposited by PVD. The OFET device structure is
finalized by the PVD of Ca source-drain contacts with a thickness of 100nm. The exact
process parameters are listed in Appendix D.
Electrical OFET Performance
In the following, the transistor characterization is conducted by driving measurement
cycles in the hole as well as the electron accumulation mode. A measurement cycle
represents the variation of the drain-source and the gate-source voltages between 0V
and 80V, with a respective stepwise increase of |∆VD| = 1V and |∆VG| = 20V.
Illustrated in Figure 5.21(a) is the output characteristic of a UV modified transistor
in the electron and hole accumulation mode. By taking the open dot scatter plot in
the hole accumulation into account, which represents a single measurement at VG = -
80V, only a negligible hole current is obtained. This is expected, due to an insufficient
matching of the Ca metal work function and the HOMO level of the organic semicon-
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ductor. The closed dot scatter plot, illustrated in the electron accumulation, represents
the current voltage characteristic at VG = 0V during the first transistor measurement
cycle. Due to a gate voltage of VG = 0V, no electron current is obtained for this charac-
teristic. However, with an increase in gate voltage, the drain current remains zero. The
impeded electron transport is suggested to be the result of keto and hydroxyl groups,
introduced to the dielectric interface by UV radiation. It needs to be pointed out, that
at VG = 0V, a low increase in drain current is registered for VD ≈ 80V. This current
can be significantly increased, as indicated by the closed triangle scatter plot of Fig-
ure 5.21(a), if the OFET is exposed to an electrical cyclic conditioning in the electron
accumulation. The obtained increase in drain current could be the result of leakage,
an unsaturated electron current, or be due to a unipolar hole current in the ambipolar
range of the electron accumulation, as discussed in section 2.2.1. By taking into ac-
count the neglectable gate leakage current, recorded parallel to the measurement (not
shown), this type of interpretation of the drain current can be excluded. The unipolar
p-type behavior of the electrically conditioned transistor, however, can be confirmed
by considering the output characteristic in the hole accumulation. This measurement
is depicted by the closed triangle scatter plot at VG = -80V in the 3
rd quadrant of
Figure 5.21(a). Indeed, a unipolar p-type drain current is obtained for the measure-
ment, exhibiting hardly any hysteresis. The s-shaped behavior in the linear range of
the characteristic is an indication for the expected large injection barrier for positive
charge carriers from Ca contacts into pentacene. It needs to be stressed, that the hole
Figure 5.22: Threshold voltage shift between
the 1st and 8th electrical cyclic conditioning
step for an OFET incoperating a UV modified
PMMA gate dielectric.
injection occurs despite the discussed
large misalignment in the Ca metal work
function and the pentacene HOMO level
of ≈ 2.11eV.
The electrical cyclic conditioning18, in
order to enable the p-type transistor be-
havior, is applied by the repeated exe-
cution of the measurement cycle in the
electron accumulation between 0V and
80V for the respective drain-source and
gate-source voltages. Depicted in Figure
5.21(b) is the drain current at VG = 0V
for the individual conditioning steps. Be-
tween the first and the second condition-
18See section 3.2.3 for a detailed explanation
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ing cycles, a significant increase in the drain current is obtained, which is continuously
enhanced after each cycle, until saturation is achieved between the 7th or 8th condition-
ing step. By considering Figure 5.22, the origin of the significant increase in unipolar
p-type drain current in the electron accumulation can be understood. In this graph, the
square root of the experimental data is compared to the square root of the ambipolar
drain current equation, for µn = 0
cm2
Vs
, VG = 0V, and |VD| ≥ |VG − Vth,h| as shown below:
√
ID =
√
wCtotµh
2l
(VD + Vth,h −∆Vth) (5.1)
Here, Ctot = 10.4
nF
cm2
represents the resulting total areal capacitance of the SiO2 /
PMMA bilayer dielectric. Apparently, the improvement in hole current can be related
to a positive threshold voltage sift of ∆Vth ≈ 60V during the first eight conditioning
cycles. The observed threshold voltage shift has been derived, using the respective
output characteristics in the hole accumulation, and occurs with an almost constant
hole mobility. This is deducted from the constant inclination of the linear regression fits
during the shift in threshold (Figure 5.22). Here, a trapping of electrons (nt) within the
UV modified PMMA near surface layer is suggested to be the cause for the observed ∆Vth.
During the cyclic conditioning in the electron accumulation, negative charge carriers are
accumulated at the dielectric interface and localized in electron traps, generated by the
UV irradiation. This leads to a change in the electric field distribution in the transistor
channel and therefore to a large threshold voltage shift for both electrons and holes. In
a crude first order approximation, the trapped charge carrier density nt is estimated to
be:
nt =
∆VthCtot
q
= 3.9 ∗ 1012 1
cm2
(5.2)
The value of 3.9 ∗ 1012 1
cm2
represents the lowest possible estimate and is only valid,
if the negative charge is trapped directly at the dielectric interface. For a trapping
in the volume of the PMMA, the trapped charge carrier density must be higher. By
considering Figures 5.21(a) and 5.21(b), the negligible hysteresis of the current voltage
characteristics suggests the absence of recombination between trapped negative charge
carriers and mobile positive charge carriers during the transistor operation. This holds
true, even if the OFET is operated in the hole accumulation mode. The absence of
recombination indicates, that the localized electrons are trapped in a near surface layer
of the PMMA insulator, which isolates the trapped negative charge from the mobile
positive charge in the transistor channel.
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Charge carrier injection
It has been demonstrated, that the polarity of a unipolar n-type OFET can be switched
to unipolar p-type by negatively charging its UV modified PMMA dielectric. The
injection of holes occurred despite a pronounced injection barrier, which is due to
the energetic difference in metal work function (EA = 2.9eV) and the HOMO level
(EHOMO = 5.01eV) of the intrinsic organic semiconductor. In the following interface
dipoles, classical Fowler-Nordheim (FN) tunneling, as well as Schottky barrier lowering
are considered for a discussion of this injection phenomenon.
• The formation of interface dipoles at metal / organic semiconductor contacts
has been subject to a lot of recent interest in order to explain charge carrier
injection despite a pronounced mismatch between the metal work function and the
HOMO / LUMO transport levels [93–95]. The formation of an interface dipole
results in a shift of the vacuum level and therefore a change in the energetic position
of the HOMO / LUMO levels with respect to the Fermi energy. In dependence of
the norm or the direction of the shift to lower or higher binding energies, such a
dipole is beneficial for the injection of either electrons or holes, due to a reduction
in injection barrier height. For the case at hand, however, where pentacene / Ca
interfaces are considered, Watkins et al. [95] have published a vacuum level shift of
∆Evac ≈ 0.35eV, that enhances the required thermal activation for the injection
of positive charge carriers instead of lowering it. It is therefore suggested, that the
observed injection of holes is not the result of a dipole shift at this interface.
• The negative charging of a UV modified dielectric results in a change in the electric
field distribution in the transistor channel. This may lead to a tunnel injection
of holes, due to an enhancement in the electric field strength, as is evaluated in
the following by taking into account the FN theory. For these considerations,
a triangular injection barrier is assumed, as indicated in Figure 5.23(a). This
approach seems valid, since the resulting electric field between the trapped negative
charges and the transistor source or drain electrodes should, in part, force the
accumulated space charge at the Ca / semiconductor contact out of the active
layer and lead to a tilt in the semiconductor transport levels 19. Furthermore, it
is assumed, that the injection of positive charges has not yet occurred and the
thermal generation of charges in the transistor channel can be neglected. The
19The linear potential φ gradient of the transport levels in dependence of the electric field strength
E and distance x is given by ∆φ∆x = eE.
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Figure 5.23: Field enhanced tunnel injection.
electric field strength E in the transistor channel is approximated by assuming the
trapped negative charge to be localized directly at the dielectric / semiconductor
interface:
E =
VG
²r,Pent
²r,SiO2
dSiO2 +
²r,Pent
²r,PMMA
dPMMA + dPent
+
nte
dPent(CPent +
CSiO2CPMMA
CSiO2+CPMMA
)
(5.3)
The first part of equation 5.3 describes the contribution to the electric field strength
of the applied gate voltage, while the contribution of the trapped charge nt is given
by the second part of the equation. Here, dSiO2 , dPMMA and dPent represent the
respective SiO2, PMMA and pentacene layer thickness. The dielectric constant of
the respective layers is described by ²r,PMMA = 3.5 for PMMA, ²r,Pent = 3.7
for pentacene [54] and ²r,SiO2 = 3.9 for SiO2. The parameter CPent describes the
pentacene capacity between the trapped charge and the source electrode, while
CPMMA and CSiO2 describe the capacitance of the SiO2 and PMMA insulator
layers, as is indicated in Figure 5.23(b).
It has been demonstrated above20, that source or drain metalization spikes extend
through almost the entire pentacene layer thickness. Consequently, by assuming a
20See Figure 5.20.
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Pent. thickness [nm] 50 1.6
|VG| [V] 0 80 0 80
Etherm,1.5nm [eV] 1.95 1.62 1.83 1.45
Etherm,4nm [eV] 1.68 0.81 1.37 0.36
Table 5.7: Thermal activation required for tunnel injection through 1.5nm and
4nm distances at different field strengths an pentacene layer thicknesses.
homogeneous pentacene layer thickness of either dPent = 1.6nm or dPent = 50nm,
the highest and lowest estimate in electric field strength below the source-drain
electrodes can be calculated.
By using equation 5.3, pentacene layer thicknesses of 50nm and 1.6nm as well as
gate voltages of 0V and -80V, the thermal activation energies required to tunnel
either 1.5nm or 4nm21 distances through the triangular injection barrier can be cal-
culated. This is indicated in Figure 5.23(a) for the case of an elevated electric field
strength. The resulting energies Etherm are summarized in Table 5.7. For applied
gate voltages of -80V as well as a tunnel distance of 4nm, reasonably small ther-
mal activation energies of 0.81eV (dPent = 50nm) and 0.36eV (dPent = 1.6nm)for
tunnel injection are found. For all other parameters, however, the thermal acti-
vation required for tunneling is well above 1eV, which seems too high in order
to enable tunnel injection. It is therefore concluded, that the experimentally ob-
tained transistor currents, in the order of 10−5A, are in part due to a tunneling
current. However, it seems unlikely, that the entire transistor current results from
a tunneling effect.
• Due to the high electric field strength available in the transistor channel, a Schot-
tky barrier lowering, as described by equation 5.4 [96], may allow for the
thermionic injection of holes at the Ca / pentacene interface.
∆EB = q
√
eE
4pi²0²r,pent.
(5.4)
The following estimate is conducted under the assumption of constant electric
field strengths of either 4.4 ∗ 108 V
m
or 3.25 ∗ 108 V
m
. These values are obtained using
equation 5.3 for respective pentacene layer thicknesses of 1.6nm and 50nm at an
applied gate voltage of -80V. A reduction in the hole injection barrier height of
21The tunnel distance of 4nm is suggested as an upper limit estimate for tunnel injection.
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∆EB ≈ 0.41eV or ∆EB ≈ 0.36eV is calculated. For the case of a homoge-
neous 1.6nm thick pentacene layer, this would result in an hole injection barrier
of EB ≈ 1.7eV. Considering, that the resulting injection barrier remains high, it
seems unlikely, that the discussed p-type current voltage characteristics are signif-
icantly influenced by a Schottky barrier lowering.
Taking into account the above estimates, it is clear, that the observed hole injection
from Ca contacts into pentacene can only be rudimentarily explained. While it seems
safe to conclude, that the observed hole current is not due to only one of the above
discussed aspects, it is unsure, whether all three aspects combined would lead to the
experimentally demonstrated magnitude in transistor drain current. This seems to be
true, since the discussed interface dipole at the Ca / pentacene contact is suggested
to have no beneficial effect on the hole injection. Interface effects, that have not been
considered, could possibly lead to an additional improvement in the charge carrier in-
jection, such as variations in the metal work function or a further field enhancement at
metalization spikes.
Degradation in transistor performance
Figure 5.24: Degradation in ID,max for a UV-
modified p-type OFET over time. The squares
represent values derived from output character-
istic measurements. The vertical dotted lines
indicate the measurement of a transfer charac-
teristic. All measurements were conducted in
the hole accumulation.
The p-type characteristic of UV modified
pentacene OFETs exhibits only a negli-
gible current hysteresis during the mea-
surement. This indicates an insignificant
recombination between trapped electrons
and mobile positive charge carriers dur-
ing the recording of a device characteris-
tic. However, the transistor performance
is subject to degradation over time, as
indicated in Figure 5.24. Here, the degra-
dation in maximum drain current ID,max
recorded for VG = -80V is illustrated
by the closed squared scatter plot, as ob-
tained, using output characteristic mea-
surements. The dotted vertical lines of
Figure 5.24 indicate performed transfer
characteristic measurements. An almost
linear degradation is obtained during the
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t [min.] Vth,p [V] µh
cm2
Vs
0 -49.42 0.43
11 -52.50 0.44
18 -55.20 0.50
33 -57.76 0.49
45 -60.10 0.49
Table 5.8: Degradation in OFET threshold and mobility over time.
time frame of the experiment (t = 50 min.), which is independent of the number of succes-
sive measurements. This is conjectured, using the experimental fact, that the obtained
degradation in ID,max varies insignificantly from measurement sweep to measurement
sweep, while exhibiting an almost linear dependence with regard to time. Illustrated in
Table 5.8 are the parameters Vth,p and µh, as derived using the indicated transfer char-
acteristic measurements. As expected, when considering the degradation in transistor
drain current, the norm in threshold voltage is increased over time. The extracted hole
mobility, however, remains almost constant. This result is in line with the observed
improvement in OFET p-type performance, due to the cyclic electrical conditioning, as
discussed above. By taking the negative threshold voltage shift of about 10.7V during
the time dependent measurement into account as well as equation 5.2, a discharge of
∆nt ≈ 0.69 ∗ 10−12 1cm2 charges through the semiconductor and the respective source-
drain electrodes is estimated for a time frame of 45 minutes.
Figure 5.25: Degradation as well as recondi-
tioning of a UV modified OFET in the UHV
(<1 ∗ 10−10mbar), depicted for the case of out-
put characteristics recorded at VG = 80V .
To further investigate the OFET dis-
charge process without possible negative
influences of the glove box environement,
such as solvent vapors, rest oxygen or
water, the following experiment is con-
ducted. A UV modified transistor is in-
troduced into a UHV chamber with a
base pressure of < 10−10mbar, which al-
lows for an electrical contact of the in-
vestigated device. The transistor cross
section is identical with the standard
OFETs, however, the device differs with
respect to its channel dimensions. Here,
a w
l
ratio of 10 is chosen. After its cyclic
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conditioning in the UHV, the OFET is characterized immediately, then after four weeks
in its electrically degraded and finally in its electrically reconditioned state. Depicted
in Figure 5.25 are the resulting output characteristic measurements at an applied gate
voltage of VG = −80V. It can be concluded, that a linear dependency of the discharge
process, as implied by the degradation in transistor drain current illustrated in Fig-
ure 5.24 is not a valid approximation. A linear dependency of the discharge process22
would result into a complete discharge of the localized electrons within a time frame
of approximately 4 hours. However, within a time frame of 4 weeks (11th Dec. 06),
the drain current ID,max is only degraded by a factor of ≈ 5.6. and is not completely
inhibited, as one would expect for a completely discharged dielectric. The observed
transistor degradation is proposed to be due to a thermal discharge of the UV modified
and charged PMMA dielectric. Thermal discharge is generally considered to exhibit an
exponential [56] and not a linear behavior. Furthermore, by considering Figure 5.25,
it is demonstrated, that the p-type performance of the electrical degraded transistor
can be reenhanced by exposing the device to an additional electrical cyclic conditioning.
Under the assumption, that most electrons are localized in hydroxyl groups, this allows
the following two conclusions about the trapping mechanism of electrons in hydroxyl
groups:
• The electron trapping mechanism in -OH groups is suggested by Chua et al. [29]
to be due to the dissociation of a hydrogen atom. Therefore, once an electron
is discharged from such a trap, it is inactive, unless the proton is reattached to
the remaining oxygen radical. The observed possibility, to recharge the PMMA
dielectric, as indicated in Figure 5.25, may lead to the suggestion, that not all
of the available electron traps are filled during the cyclic electrical conditioning.
Therefore, one could ascribe the observed reenhancement in p-type performance
to a filling of surplus trap states. This seems possible, especially when considering
the density of hydroxyl groups available on UV modified PMMA interfaces in the
order of 4 ∗ 1014 1
cm2
, as discussed by Wei et al. [61]. This value is two orders of
magnitude larger than the value estimated for the trapped charge carrier density
of 3.9 ∗ 1012 1
cm2
.
• However, under the assumption, that all of the available electron traps at the dielec-
tric interface are filled during the cyclic electrical conditioning, the experimental
fact that, the OFET p-type characteristic can be reenhanced by an additional
conditioning step, implies, that the trapping mechanism, as suggested by Chua et
22 ∆nt
dt ≈ −0.15 ∗ 1011 chargesminutecm2
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al. [29], is invalid. It is unlikely, that the hydrogen atom, once dissociated during
the electron trapping mechanism, remain in the vicinity of the trapped charge and
is reattached to the oxygen radical upon its discharge.
In the preceding section, it was demonstrated, that functional end groups in the form
of keto and hydroxyl groups can be introduced to the near surface layer of a PMMA
dielectric by exposing the insulator to UV radiation in ambient atmosphere. It was
shown, that this type of dielectric interface treatment allows for a change in the polarity
of an otherwise unipolar n-type pentacene OFET to unipolar p-type by exposing the
transistor to a cyclic electrical conditioning in the electron accumulation. The change in
polarity is due to large threshold voltage shift of ∆Vth ≈ 60V for electrons and holes,
which is proposed to be the result of negative charges trapped by keto and hydroxyl
groups at the dielectric interface. The trapped charge leads to change in the electric
field distribution in the transistor channel, resulting in a field enhanced injection of
holes. This occurs despite a suggested energy barrier of 2.11eV. At the same time, the
electron current in the transistor channel is suppressed, due to coulombic repulsion. The
p-type characteristic of a UV modified OFET is subject to degradation over time, it is,
however, independent of the presence of holes. This suggests, that the trapped negative
charges are isolated from mobile positive charges present in the transistor channel during
measurements in the hole accumulation.
5.3 Applications
In the previous sections, two dielectric interface modifications were demonstrated by
which unipolar p- and n-type transport can be achieved for pentacene OFETs. In the
following, these approaches are applied to the fabrication of organic complementary
metal oxide semiconductor (O-CMOS) devices, namely inverter stages. A CMOS in-
verter stage consists of two FETs of complementary polarity (p- and n-type), sharing a
common gate as well as a common drain electrode, to form the respective inverter in-
and output electrodes. The equivalent circuit of the realized inverter structures is shown
in the inset of Figures 5.27(a) and 5.27(b).
The process parameters for the realization of the complementary OFET types as well
as a description of their cross section have been summarized in sections 5.1 and 5.2. The
exact process parameters are discussed in detail in Appendix D. In order to characterize
the respective transistors, prior to their use in an inverter structure, the OFETs are
measured in accordance with the equivalent circuits as depicted next to the Figures
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(a) Characteristics of complementary OFETs, re-
alized on a PMMA dielectric. The PMMA di-
electric of the p-type transistor is UV modified,
otherwise the transistor is identical to the n-type
device.
(b) Transfer characteristics for p- and n-type
pentacene OFETs, realized on SiO2. The insu-
lator area for the n-type transistor is Ca passi-
vated.
Figure 5.26: Transfer characteristic of complementary OFETs. In analogy to an
inverter structure, the source contact of the p-type OFET is held at a potential of
60V for both plots.
5.26(a) and 5.26(b). Therefore, VG is addressed as VIn in the following, and the source
potential of the p-type OFET is held constant at VDD = 60V. The parameter VDD
represents the supply voltage of the inverter measurement.
Using the UV modification technique for the realization of an organic CMOS inverter
stage, as discussed in section 5.2.2 [44, 97], the SiO2 / PMMA dual layer dielectric of
the designated p-type OFET is irradiated by UV radiation in ambient atmosphere. By
exposing the completed transistor to a cyclic electrical conditioning, the device polarity is
switched from unipolar n-type to p-type. The respective transfer characteristics of the
complementary OFETs in the hole and electron accumulation are depicted in Figure
5.27(a). Both devices exhibit only a very low current hysteresis. Electron and hole
mobilities were determined to be µe = 0.78
cm2
Vs
and µh = 0.11
cm2
Vs
respectively; an On
Off
ratio exceeding 104 was obtained for both devices. The respective threshold voltages are
Vth,e = 46V and Vth,p = -27.5V. The obtained balanced transistor parameters allowed for
the realization of an O-CMOS inverter stage. The inverter characteristic is illustrated in
Figure 5.27(a) with the equivalent circuit used for the characterization being depicted by
its inset. The inverter exhibits stable operation below its supply voltage of VDD = 60V
as well as a maximum gain of 17. The observed hysteresis of the inverter is ascribed to
the current hysteresis of the utilized p- and n-type pentacene OFETs.
As discussed in section 5.1, the Ca passivation technique can also be used for the
realization of an organic CMOS inverter stage, as demonstrated by Ahles et al. [83, 98].
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ing the Ca passivation technique. It exhibits a
high gain of 24.
Figure 5.27: Organic CMOS inverter stage transfer characteristic.
In the following, the experimental data of Ahles et al.23is presented as a comparison to
the inverter experiment described above. Here, a standard p++ − Si / SiO2 substrate
is selectively covered with a 6A˚ layer of Ca. The n-type OFET is realized on the Ca
passivated area by the use of Ca source-drain contacts. The p-type OFET is realized on
the same substrate in the area where pristine silicon dioxide is available, using an Au
source-drain metalization. The transfer characteristics of the individual p- and n-type
OFETs are illustrated in Figure 5.26(b). The n-type OFET has been electrically cyclic
conditioned prior to the measurement in order to enhance the n-type performance of
the OFET. Using these characteristics, an electron and hole mobility of µe = 0.11
cm2
Vs
and µh = 0.10
cm2
Vs
as well as On
Off
ratios > 105 were determined. The respective threshold
voltages are Vth,e = 34V and Vth,p = -20V. While the p-type OFET exhibits only a
negligible current hysteresis, a large hysteresis is obtained for the n-type OFET between
the forward and reverse voltage sweep of VIn. This is ascribed to residual electron traps
at the dielectric / semiconductor interface for the Ca passivated n-type OFET. Owing to
balanced charge carrier transport properties of the respective transistors, an O-CMOS
inverter stage was realized by connecting the devices as illustrated by the inset of Figure
5.27(b). The inverter exhibits a stable operation below its supply voltage of VDD = 60V
as well as a maximum gain of 24. The obtained hysteresis in the inverter characteristic
reflects the current hysteresis of the n-type OFET depicted in Figure 5.26(b).
23The presented data is used with the kind approval of Ahles et. al.
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While for both the UV modification and Ca passivation technique O-CMOS inverter
stages could be realized, the UV modification technique seems better suited for techno-
logical application. This is suggested to be due to the much lower current hysteresis
of the n-type OFET realized on a PMMA dielectric as compared with the current hys-
teresis of the n-type transistor realized on a Ca passivated SiO2 insulator. Furthermore,
the circumstance that unipolar n- and p-type OFETs can be realized with an identi-
cal device structure by the use of the UV modification technique, makes the approach
potentially attractive for product applications.
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Chapter 6
OFET threshold tuning by the use
of an electret
In section 5.2, a technique was demonstrated by which the polarity of a unipolar n-
type pentacene OFET can be switched to unipolar p-type without modifying its device
cross section. The polarity inversion is due to a large positive threshold voltage shift
for both electrons and holes. The threshold voltage shift is obtained by negatively
charging the gate dielectric, which leads to a suppression of the electron current by
coulombic repulsion and allows for a hole current by field enhanced charge carrier injec-
tion from Ca electrodes despite a pronounced injection barrier. In the current chapter,
the complementary experiment is investigated by using the electret characteristic of a
polymethylmetacrylat (PMMA) dielectric. The aim of this experiment was to obtain a
negative threshold voltage shift in the transistor current voltage characteristic by posi-
tively charging the gate insulator and therefore to influence the polarity of an otherwise
p-type pentacene OFET. Using this technique, it was attempted to substantiate the field
enhanced injection of electrons out of Au contacts into pentacene, instead of the previ-
ously discussed hole injection out of Ca electrodes. Technologically, such an approach
is more interesting, since Au electrodes are stable in ambient atmosphere.
In general, the charging of an electret such as PMMA, if electrically contacted by
electrodes on both sides, is the result of dipole orientation, space charge separation
or, at high electric field strengths, the result of injection and storage of excess charge
carriers [30, 99, 100]. While the charge carrier injection is mainly dependent on the
absolute value of the electric field strength, elevated substrate temperatures enhance
the conductivity of the electret, thereby allowing the charging of energetically deep
traps in the bulk of the dielectric. The electrostatic field, resulting from an electret
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Figure 6.1: Influence of the respective forming steps on the OFET device char-
acteristic.
formed in such a fashion, is therefore the outcome of a superposition of the electrostatic
fields, resulting from the injected homocharge and separated or oriented heterocharge.
The experiments are conducted, using the standard pentacene OFET device structure,
as discussed in section 3.2.2. The OFETs comprise a SiO2 / PMMA dual layer dielectric
with respective thicknesses of 200nm and 119nm as well as a 100nm Au source-drain
metalization. In order to positively charge the polymer insulator by injected excess
charges, the completed OFET device structure is exposed to several forming steps at
high electric field strengths of EForm= -1.34
MV
cm
, -2.01MV
cm
and -2.68MV
cm
. The device
forming is conducted at the glass temperature of PMMA (TForm = 108
◦C [56]). The
experimental setup is discussed in detail in section 3.2.3.
The influence of the respective forming steps on the OFET current-voltage char-
acteristic is demonstrated in Figures 6.1(a) and 6.1(b). The transfer characteristics
of an investigated OFET in its pristine state and after the subsequent forming steps
are illustrated in Figure 6.1(a) as a log(ID) over VG plot. All of the measurements
were conducted at room temperature and are depicted for an applied drain voltage of
VD = -80V. The development of the transistor threshold voltage and charge carrier mo-
bility during the respective forming steps is depicted in Figure 6.1(b). The parameters
were extracted using the transfer characteristics illustrated in Figure 6.1(a). For the
initial forming step, using an electrical field strength of EForm = -1.34
MV
cm
, a threshold
voltage shift of -6.7V from -18.6V to -25.3V is obtained. The additional subsequent
forming steps, conducted at EForm = -2.01
MV
cm
and -2.68MV
cm
, lead to an increase in Vth,h
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Figure 6.2: Transfer characteristic measurement for the
pristine and formed device(EForm = -2.01MVcm ), as well as
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to values of -31.2V and
-49.9V. This results in a to-
tal ∆Vth,h of -31.3V. Associ-
ated with the observed thresh-
old voltage shift is a reduc-
tion in hole mobility µh be-
tween the transistor in its pris-
tine and its respective formed
states from µh = 0.12
cm2
Vs
to = 0.054 cm
2
Vs
. The degrada-
tion in hole mobility is pro-
posed to be the result of pos-
sible changes in the pentacene
morphology, due to elevated
substrate temperatures dur-
ing the forming step. The con-
clusion is based on the result
of a temper experiment described in section 5.1.4. In this experiment, a unipolar p-type
pentacene OFET, realized on a pristine SiO2 dielectric, was exposed to an annealing
step at 160◦C. In analogy to the experiment discussed above, the hole mobility was de-
graded. This was ascribed to the negative effect of heat induced pentacene morphology
changes. However, the pronounced negative shift in Vth,h, as illustrated in Figure 6.1(b)
is not ascribed to the influence of pentacene morphology changes. The shift is proposed
to be the result of the electret charging. This conclusion is supported by the experimen-
tal fact, that the threshold voltage shift is reversible, as illustrated in Figure 6.2. The
open and filled squared scatter plots represent the OFET characteristic in its pristine
state and after its second forming step, emphasizing the negative threshold voltage shift.
The open dot and open triangle scatter plots represent the transfer characteristic, ob-
tained during the rising temperature slope of the third forming step at T = 50◦C and
T = 100◦C. While the threshold voltage remains almost unchanged for the measurement
at T = 50◦C, a significant shift in threshold voltage toward the threshold voltage of the
pristine device is obtained for the measurement at T = 100◦C. The shift is attributed
to thermally activated discharge during the measurement of the transfer characteristic.
Once the positive charge is thermally activated, it is discharged through the pentacene
and the source-drain metalization.
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Illustrated in Figure 6.3(a) is the displacement current during the first forming step
(VForm = 40V ⇒ EForm = −1.34MVcm ), as recorded using the gate electrode. A decay
of the displacement current down to a value of zero after 15 minutes is found. The
inset of Figure 6.3(a) represents the total amount of accumulated charge, obtained by
integrating the displacement current. However, in consideration of a 30mm2 area24, the
accumulated charge of 1024nC exceeds the maximum amount of charge, obtainable by a
simple geometric capacitor model of the PMMA / SiO2 layer stack. For an applied form-
ing field strength of -1.34MV
cm
, the accumulated charges should correspond to a maximum
charge value of ≈ 125nC. This value is approximated, using equation 6.1:
Q = CDielVForm (6.1)
Here, CDiel represents the capacitance of the PMMA / SiO2 dual layer dielectric. The
obtained charge of 1024nC corresponds to a capacitance of CDiel = 25nF. By assuming
a constant perimitivity of ²r = 3.9 in the entire dielectric layer, an effective thickness of
40nm can be approximated for the OFET insulator. This thickness strongly suggests a
positive volume charge, stored in the bulk of the SiO2/PMMA dielectric layer stack.
By considering the transfer characteristic of the charged OFET, after its third forming
step (FF=-2.68
MV
cm
) (6.1(a)), an increase in ID can be detected for low gate voltages.
Since the gate current, recorded in parallel to the discussed measurement, allows to
24Due to the good injection and transport properties of holes for the investigated device, the entire
pentacene area of the sample is used for this approximation.
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exclude gate leakage as the origin of the drain current, the increase in ID is ascribed
to a unipolar electron current. The injection of electrons into pentacene out of Au
electrodes, despite a pronounced injection barrier of ≈ 2.2eV, is again conjectured to
be promoted by a charged dielectric interface. Such a scenario was already discussed for
the injection of holes out of Ca electrodes into pentacene in the previous chapter. The
ambipolar characteristic of the OFET, after its third forming step, can be confirmed
by a measurement in the electron accumulation. The obtained transfer characteristic is
illustrated in Figure 6.3(b). For low gate voltages, the expected significant hole current
is observed, while for high gate as well as high drain voltages, an electron current can
be detected. A threshold voltage for electrons of Vth,e ≈ 85V as well as an electron
mobility of µe ≈ 1 ∗ 10−4 cm2Vs is estimated. The electron injection out of Au electrodes
into pentacene remained stable during the time frame of the measurement at room
temperature (RT).
In the current chapter, resulting from forming steps at T = 108◦C and in depen-
dence of the applied forming field strengths, a negative ∆Vth in the OFET transfer
characteristics could be observed. The maximum observed shift in threshold voltage of
∆Vth = −31V has allowed for a change in the OFET transport properties from unipolar
p-type to ambipolar, and therefore an injection of electrons from the used Au metaliza-
tion into pentacene. The observed charge carrier injection is possible, despite a difference
in Au work function and pentacene electron affinity of about ≈ 2.2eV.
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Chapter 7
Summary
Currently, for the realization of organic CMOS technology, two different types of organic
semiconductors are required for the implementation of unipolar n- and p-type OFETs.
In order to integrate these materials onto a single substrate, cost intensive processing
steps are needed. Among other reasons, this represents one of the main hindrances for
the application of organic CMOS technology in commercial products. In this thesis, the
realization of OFETs with complementary polarity, using only a single organic semicon-
ductor and even an identical device cross section was addressed by dielectric interface
engineering. For OFET charge carrier transport the importance of electronic states at
the dielectric / semiconductor interface is emphasized, which is an aspect that has been
underestimated in the OFET development.
In order to investigate the influence of the dielectric / semiconductor interface on
unipolar charge carrier transport by use of an ambipolar semiconductor, it was demon-
strated, that the polarity of pentacene OFETs can be defined as unipolar n- or p-type by
matching the metal work function of the source-drain metalization to either the electron
affinity or the ionization potential of the organic semiconductor. With this approach,
the influence of different polymers such as PS, PC, PMMA, P4VP and PI as gate in-
sulators on the unipolar electron and hole charge carrier transport was investigated. A
degradation in the n-type transistor performance with a decrease in water contact angle
of the polymer dielectric interface due to an increase in oxygen containing polar groups
was obtained. The experimental results suggest a strong influence of oxygen containing
polar groups, such as keto and hydroxyl groups, at this interface on the electron charge
carrier transport properties in pentacene OFETs. This is attributed to the electron
trapping nature of these groups. At the same time, no hole trapping of keto and hy-
droxyl groups was observed. Using these results, two techniques were investigated in
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the following to selectively influence OFET charge carrier transport properties through
the electron trapping in keto and hydroxyl groups.
In a first approach, electron transport in pentacene OFETs incorporating an SiO2 di-
electric was realized, despite a large number of electron traps (density -OH ≈ 1013cm−2)
at the dielectric semiconductor interface. This was achieved by the deposition of a thin
layer of Ca on the SiO2 insulator, as previously demonstrated by Ahles et al. [83]. The
investigation in this thesis has shown that the electron transport properties can be sig-
nificantly improved with increasing Ca layer thickness, up to a value of dCa = 12A˚.
However, for layers exceeding this thickness the electron transport is degraded, until
it is almost completely attenuated for Ca layer thicknesses exceeding 26A˚. A detailed
PES analysis of the Ca modified SiO2 interface revealed the formation of an oxidized Ca
layer on top of the dielectric surface, which in turn isolated and compensated available
electron traps at the dielectric interface and thus enabling the n-type OFET charge
carrier transport. The degradation in n-type performance for increasing Ca layer thick-
nesses could be linked to the formation of a metallic Ca fraction in the oxidized Ca layer.
This was proposed to partially screen the electric field in the transistor channel, thereby
negatively influencing the OFET charge carrier transport. The formation of the oxi-
dized Ca layer was determined to be the result of an interface reaction between metallic
Ca and substrate oxygen components. By enhancing the oxidizing reaction, using heat
or an electrical cyclic stress, the OFET performance was significantly improved. This
technique can be used to realize O-CMOS inverter stages, as shown by Ahles et al. [83].
In a second approach to influence the OFET charge carrier transport properties by
dielectric interface engineering, electron traps in the form of keto and hydroxyl groups
were introduced to the PMMA dielectric of an otherwise n-type pentacene OFET. These
functional groups were obtained by exposing the polymer insulator to UV radiation in
ambient atmosphere prior to the pentacene deposition. After negatively charging these
traps, using an electrical cyclic conditioning in the electron accumulation, the polarity
of the unipolar n-type OFET was changed to unipolar p-type without any other device
modification. The change in polarity was due to a large threshold voltage shift of
∆Vth ≈ 60V for electrons and holes. The injection of holes from Ca electrodes, despite
a pronounced injection barrier, was proposed to occur as the result of an enhanced
electric field in the transistor channel. This is due to trapped charges at the dielectric
interface, resulting in a field enhanced charge carrier injection. This technique has
enabled the realization of complementary unipolar n- and p-type pentacene OFETs with
an identical device structure, exhibiting balanced charge carrier transport properties. It
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has furthermore allowed for the realization of an O-CMOS inverter stage with stable
operation below its supply voltage and a high gain of 17.
It has been demonstrated, that the injection of holes from Ca electrodes into pent-
acene is possible despite a pronounced injection barrier of ≈ 2.1eV . In order to confirm,
that the injection of complementary charge carriers into pentacene is also possible using
a metalization stable in ambient atmosphere, such as Au, the electret characteristics of
a PMMA dielectric were utilized. By positively charging the PMMA dielectric incorpo-
rated in a unipolar p-type OFET, a negative threshold voltage shift of ∆Vth ≈ −31V
was obtained. This was achieved by exposing the electret to high forming-fields at the
glass temperature of PMMA. The shift in threshold leads to a change in the transistor
polarity from unipolar p-type to ambipolar, thus substantiating the general possibility
for the field enhanced injection of electrons from Au contacts into pentacene, despite a
pronounced electron injection barrier of about 2.3eV.
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Nomenclature
β Transferintrgral
χ Electron affinity
χPent Pentacene electron affinity
∆Ed Spectrometer resolution
∆En Line width of the of the excited photo hole E
f
∆Ep Line width of the excitation radiation
∆Evac Vacuum level shift
∆Rij Norm distance between two DOS states
∆Vth,e Difference in electron threshold voltage
γ Exponential wave function decay
λm(E) Mean free path length
∆EB2p 3
2
−2p 1
2
Split in binding energy for a Ca2p dublett
texposure UV exposure time
µ Charge carrier mobility
µe Electron mobility
µh Hole mobility
ΦMet Metal work function
φspec Work function spectrometer
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φs Sample work function
σ Conductivity
σ Standard deviation
τ Mean free time of a charge carrier
Θ(x) Heaviside step function
a0 Distance between two molecules
alpha Angle between photon path and detected electron path
CDiel Capacitance of the transistor or MIS diode dielectric
CTot Total device capacitance of the dielectric as well as the semiconductor
Ctot Total device capacitance
deff Effective thickness
E Energy
e Elemental charge
EBind Binding energy
EC Activation energy for conduction
EForm Forming Field
EF Fermi Level
EF Trap state energy level
Ei Initial energetic DOS state
Ej Target energetic DOS state
Ekin Kinetic Energy
I Ionisation potential
ID,max Maximum drain current
Nomenclature 103
j Total momentum
k Boltzmann constant
l Angular momentum
n Total amount of accumulated charge
n(x) Electron density per unit area at position x
nth,e Threshold charge carrier density for electrons
nth,h Threshold charge carrier density for holes
nth Threshold charge carrier density
nt trapped electrons
p(x) Electron density per unit area at position x
Pe / h Electronic polarization energy for electrons / hole
Q(x) Net surface charge
R(x0) Channel resistance integrated up to a random position x0 of the transistor
channel
R
′
(x) Partial channel resistance
s Spin momentum
SC atomic sensitivity factor for carbon
SO atomic sensitivity factor for oxygen
T Temperature
TF Forming Temperature
Tn Lifetime of an excited hole state
V (x) Voltage drop along the transistor dielectric surface
VDD Inverter supply voltage
VIn Inverter input voltage
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Vth,e Threshold voltage for electron conduction
Vth,h Threshold voltage for hole conduction
AC Alternating Current
AFM Atomic force microscopy
ASF Atomic sensitivity factor
C Capacitance per unit area
CA Contact Angle
CMOS Complementary Metal Oxide Semiconductor
DAISY-MAT Darmstadt Integrated System for Materials Science
DC Direct current
DOS Density Of States
E Electric field strength
e Elemental charge
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
MIS Metal insulator semiconductor
O-CMOS Organic complementary metal oxide semiconductor
OLED Organic Light Emitting Diode
PES Photoelectron spectroscopy
PMMA Polymethylmethacryl
PVD Physical Vapor Deposition
PVD Physical vapor deposition
RT Room Temperature
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S Peak area atmoic sensitivity factor
SAM Self assembled monolayer
TFT Thin Film Transistor
THF Tetra Hydro Furan
TSC Thermally stimulated discharge
UV Ultra violet
XPS X-Ray photoelectron spectroscopy
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Appendix B
Additional PES spectra
Figure B.1: Ca2p emission spectra on SiO2 for ascending Ca layer thickness. The
Ca layer thickness is enhanced in between the respective measurements without
breaking the vacuum.
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Figure B.2: O1s emission spectra for ascending Ca layer thicknesson SiO2. The
Ca layer thickness is enhanced in between the respective measurements without
breaking the vacuum.
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Figure B.3: Si2p emission spectra for ascending Ca layer thickness on SiO2. The
Ca layer thickness is enhanced in between the respective measurements without
breaking the vacuum.
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Appendix C
Development in OFET mobility
Year Hole mobility Material References
[ cm
2
Vs
] Single Crystal
2003 0.3 Pentacene [101]
2003 8 Rubrene [102]
2004 1.4 Pentacene [103]
2004 20 Rubrene [104]
2005 2.2 Pentacene [105]
2006 19 Rubrene [106]
2007 40 Pentacene [107]
Table C.1: Single crystal OFET p-type mobility between 1992-2007(Figure 1.1).
Year Pentacene (Thin Film) References
Hole mobility[ cm
2
Vs
] Electron mobility[ cm
2
Vs
]
1992 0.002 - [108]
1995 0.0038 - [109]
1997 1.5 - [13]
2002 3 - [110]
2003 - 10−6 [55]
2004 - 0.19 [28]
2006 5.5 - [111]
2007 - 0.24 [84]
Table C.2: Pentacene OFET mobility between 1992-2007 (Figure 4.1).
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Year Hole mobility Material References
[ cm
2
Vs
] Thin Film
1984 1.5*10−5 Merocyanine [10]
1986 10−5 Polythiophene [11]
1988 0.001 Phthalocyanine [112]
1988 10−4 Poly(3-hexylthiophene) [113]
1989 10−3 α− sexithiophene [114]
1992 0.002 Pentacene [108]
1992 0.027 Oligothiophene [108]
1993 0.05 α− ω − dihexyl− sexithiophene [115]
1994 0.06 Oligothiophene [116]
1995 0.038 Pentacene [109]
1996 0.02 Copper phthalocyanine [117]
1996 0.045 Poly(3-hexylthiophene) [118]
1997 1.5 Pentacene [13]
1997 0.13 α− ω − dihexyl− sexithiophene [119]
1998 0.1 Poly(3-hexylthiophene) [120]
1998 0.23 α− ω − dihexyl− sexithiophene [121]
2002 3 Pentacene [110]
2002 0.33 8T-Oligothiophene [122]
2003 0.2 Poly(3-hexylthiophene) [123]
2004 0.015 Copper phthalocyanine [124]
2006 5.5 Pentacene [111]
2006 0.6 Poly(thieno[3,2-b]thiophene) [125]
2007 1 Poly(2,5-bis(3-tetradecylthiophen-2yl) [126]
thieno[3,2-b]thiophene)
Table C.3: Development in OFET p-type mobility between 1984 and 2007. For
the mobility development of figure 1.1, the various p-type materials are grouped
together in families of similar molecular core parts.
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Appendix D
Process Parameters
D.1 Thin film deposition from solution
Process parameters
Polymer PMMA PC P4VP PS PI
Pre process step Cleaning with ethanol1
Filter [µm] 0,2 0,02 0,2
Ramp 1 1 s 1 s
Rpm 1 2000 3000
Time 1 1 s 1 s
Ramp 2 1 s 1 s
Rpm 2 3000 4500
Time 2 30 s 60 s
Ramp 3 1 s 1 s
Rpm 3 3000 4500
Time 3 1 s 1 s
Ramp 4 3 s 3 s
Temper step 60 ◦C for 10 min - 100 ◦C for 10 min,
180 ◦C for 1 h 2
Layer thickness [nm] 119 132 212 143 169
Table D.1: Process parameters for the polymer deposition in inert N2. The exact
dilutions of the respective polymers are listed in table D.2
Comments:
• 1 The pre process cleaning step is conducted by depositing ethanol on to the
substrate. The substrate is dried by using the respective spin coating process.
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• 2 For this temper step the substrate is covered with a petri dish
Abbreviations and dilutions
Polymer Abbreviation Dilution
Polymethylmethacrylat PMMA 2% wt in Tetrahydrofuran
Polycarbonat PC 2% wt in Tetrahydrofuran
Polystyrene PS 1.7% wt in Toluol
Polyimid PI JSR-AL-1054
Poly(4-vinylphenol) P4VP 2% wt in Tetrahydrofuran
Table D.2: Abbreviations and dilutions of the utilized polymers
D.2 Thin film deposition by PVD
Material Pentacen Calcium Calcium Gold
Process chamber OK MK OK MK
Sample position 2 1 2 1
Crucible position Back right Front right Front right Front left
Process number 11 4 12 1
Transformer 1 5 2 5
Transformer power [%] 19,5 3,5 72-86 8
Sensor 1 3 2 3
Tooling 178,5 59 50 30.5
Rate [A˚/s] 2 2 2 2
Sample thickness [nm] 50 100 100 100
Table D.3: Process parameters for evaporated thin films
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